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Preface 
Photovoltaics (PV) is one of main renewable energy technologies. It can 
potentially cope with growing global energy demand providing a more 
economical, sustainable and environmentally friendly energy than that 
produced by fossil fuels. In this scenario, polymer solar cells (PSCs) have 
attracted considerable interest thanks to their unique properties of low cost, 
easy fabrication, light weight and flexibility. Currently, the main challenge 
of this research field is to develop competitive devices having a correct 
compromise between efficiency and stability for versatile applications. 
This PhD project is a collaboration between University of Naples “Federico 
II” and ENEA, Portici Research Center. The research activity about the 
laminated PSCs (vide infra) was carried out at Linköpings Universitet 
(Sweden) in the Research Group “Biomolecular and Organic Electronics” 
leaded by Prof. Olle Inganäs. 
The present thesis focuses on the implementation of suitable strategies for 
the realization of polymer solar cells (PSCs) in order to improve the device 
performances.  
The first part of dissertation is dedicated to the fabrication of the inverted 
bulk heterojunction (BHJ) organic solar cells with the purpose to study 
various active layer materials based both on low and wide band-gap 
polymers as donors and both on fullerene and non fullerene compounds as 
acceptors. Special attention is given to various aspects such as the 
optimization process of PSC structure to achieve the best electrical 
performance; the impact of thermal behavior of active layer materials on 
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the device performance and compatibility of chosen materials with printing 
and coating techniques in a view to develop feasible scale up processes. 
In particular, a study of fully solution-processed PSCs and mini-modules, 
coated on flexible electrode and processed by roll lamination method, is 
also attempted during my stage abroad in Sweden. The interest for this 
approach is due to its intrinsic simplicity, low cost and the potential use for 
the flexible module fabrication for new indoor applications. 
The last part of the present work is focused on the study of block 
copolymers (BCPs). Their ability to self-assemble into ordered 
nanostructures, with sizes in the nanometric range, is investigated in order 
to make active layers for hybrid PSCs based on well-ordered polymeric 
morphology hosting n- and p-type semiconductor nanoparticles (NPs) in 
target domains. The BCP approach is an effective way to prevent self-
aggregation of the nanoparticles, maximizing, at the same time, the surface 
area at the interface between domains of material for carriers of opposite 
charge in order to promote efficient exciton dissociation and charge 
transport processes. 
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CHAPTER I 
Introduction 
1.1 Solar Energy 
In the last years there has been a considerable increase in energy 
consumption. The global energy demand grew by 2.2% in 2017, up from 
1.2% in 2016 with a 10-year average of 1.7%. In 2017, the total power 
consumption of the world's population rose to ~13500 million tons of oil 
equivalent. [1](Fig. 1.1)  
 
Fig. 1.1. World primary energy consumption in the period 1992-2017. [1] 
Currently, the main energy sources are based on fossil fuels such as oil, 
coal, and natural gas, but their limited availability and their long-term 
harmful environmental impact have induced the need to develop new 
sustainable strategies. 
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The renewable energies are the potential kind of technology which can 
lead to a progressive and essential replacement of fossil fuels. 
In particular, solar energy, among other renewable sources, is a clean, 
economical, abundant and freely available energy source. 
A vast amount of energy in the form of solar irradiation (~ 101 PJ every 
second (~ 1015 W) [2], roughly 6700 times the current world consumption 
in a year reaches the surface of the Earth. Merely a small fraction would 
be enough for conversion to desired energy forms in order to manage 
long-term issues in energy crisis. 
Solar industry is developing quickly all over the world to realize different 
technologies which allow to convert the sunlight into thermal or electrical 
energy. 
The fastest and most efficient direct conversion of sunlight into electrical 
energy is possible through the photovoltaic devices.  
1.2 Photovoltaics (PV) 
In 1839 Becquerel, working on electrolytic cells, observed for the first 
time an electrical current in a material produced by light exposure. He 
discovered the photovoltaic effect. [3]. The concept of photoconductivity 
was shown for selenium by Smith in 1873 and in 1883 Fritts built the first 
solar cell made by gold coated selenium having a power conversion 
efficiency (PCE) of 1%. [4] The interest in selenium photovoltaics 
continued for the next several decades even if its commercial use was 
limited. 
In 1902, Philip Lenard studied how the energy of the emitted 
photoelectrons varied with the intensity of the light. Later on, in 1905, A. 
Einstein gave a simple theoretically interpretation of Lenard's results, 
Introduction 
 
3 
 
receiving the Nobel Prize for this work in 1921. These studies allowed to 
obtain a better understanding of photo electricity achieving important 
scientific results in PV field in the 20th century. 
In particular, the main advance in the development of solar cell 
technology occurred in 1954 at Bell Labs when the first silicon solar cell 
with an efficiency of around 6% was developed. [5] From that moment, 
solar cells have been intensively studied with the goal of reducing the 
costs and increasing the efficiency to make solar power more competitive 
with fossil fuels. 
1.2.1 PV generations 
Today solar cell technologies are divided into three generations (Fig. 1.2) 
 
Fig. 1.2. Overview of main PV technologies. 
First generation solar cells are characterized by single-junction solar cells 
based on silicon wafers including single crystal (c-Si) and multi-
Introduction 
 
4 
 
crystalline silicon (mc-Si). These types of solar cells have reached record 
lab cell efficiencies of 26.7% and 22.3%, respectively. [6]  
They are still predominant products in the PV market due to their good 
performance and their high stability. The main disadvantage is the cost of 
high-purity silicon. It is an indirect band-gap semiconductor with a 
weaker absorption than other semiconductors, so thicker layers of silicon 
are generally required to obtain the same properties. [7] Therefore, the 
research activities have been focused on the development of new 
technologies that can use less material such as thin films or smaller active 
layers. 
The second generation solar cells are based on cadmium telluride (CdTe), 
copper indium gallium selenide (CIGS), amorphous silicon (a-Si).  
These technologies can potentially achieve high conversion efficiencies 
but not in terms of stability (e.g. Staebler-Wronski effect in amorphous 
silicon solar cell). [8] Currently, CdTe solar cells have reached a record 
for laboratory efficiency of 21%, CIGS 21.7% and amorphous silicon of 
about 10%. [6] 
An advantage of second generation materials is represented by the 
possibility to deposit thin films onto a glass or ceramic substrates to 
reduce material mass and so the production costs. 
The third generation includes different types of solar cells: 
1) multi-junction solar cells (i.e. GaAs cells); 
2) organic solar cells (OSC), consisting of: 
• Dye-sensitized solar cells (DSSC),  
• Polymer solar cells (PSC)  
3) Perovskite solar cells. 
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Multi-junction solar cells use multiple layers that are able to more 
efficiently convert different portions of the solar spectrum depending on 
the band gap of layers. The highest efficiencies reported for multijunction 
solar cells are over 45%. [9] but, up to now, it has been difficult to find a 
commercial application because of the high production costs. 
As regards PSC, they have reached a record efficiency of 14.2% and for 
DSSC of 13%. [10, 11] The research interest in polymer solar cells is 
increased significantly in recent years due to the several advantages 
offered by this technology in terms of simplicity, speed and potentially 
inexpensive large-scale production. 
Lately, a new class of thin film solar cells based on perovskite materials 
has achieved a record efficiency of over 20% on very small area. [12] 
Moreover, unique features of the second and third generations like 
flexibility, transparency and lower costs have expanded the field of 
applicability for solar cells, i.e. indoor integration or recharging surfaces 
for electronic devices, compared to the limits of first one. [13, 14] Fig. 1.3 
shows the record efficiency of different solar cell technologies that have 
been verified in 2018 by the National Renewable Energy Laboratory 
(NREL). [15]
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Fig. 1.3. Best research solar cell efficiencies reported by NREL (2018). [15] 
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1.3 Inorganic and organic semiconductors 
This thesis will mainly focus on the realization of solar cells using both 
inorganic and organic semiconductor materials.  
The organic semiconductors are conjugated materials, such as polymers 
or small molecules, where each carbon atom along the backbone form 
three sp2 hybridized orbitals and one unhybridized pz-orbital. The 
overlapping of sp2 orbitals form σ-bonds (a lower energy bonding σ-
molecular orbital and a higher energy antibonding σ*-molecular orbital) 
and the overlapping pz-orbitals form π-bonds (π and π*-molecular 
orbitals) where the delocalization of π-electrons occurs along the 
conjugated backbone. [16, 17]  
The energy difference between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is the 
band-gap of material whose value for conjugated polymers is in the range 
of 1-4 eV. [18] 
As regards the inorganic semiconductors, they are characterized by highly 
crystalline ordered structures where atoms are covalently bound and 
electrons are spatially delocalized over the crystalline lattice. The energy 
states allowed for these electrons form continuous energy bands, known 
as the semiconductor valence (VB) and conduction bands (CB), separated 
by an energy band-gap (Eg) whose values are in the same range of 
organic materials.  
The main differences between inorganic and organic semiconductor 
materials are based on their electronic structures: 
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• Charge transport. In organic semiconductors, the charge carriers 
move through the conjugated backbone hopping from one 
localized state to the adjacent one, limiting the macroscopic 
charge transport. [19] This is fundamentally different from 
traditional inorganic compounds where the atoms are well ordered 
and the charge are free to move. 
Therefore, the charge carrier mobility in organic semiconductors 
is much lower than in most inorganic semiconductors. 
• Absorption coeffecient. In the organic materials they are relatively 
high (α, the absorption coefficient, > 105 cm−1). This is important 
for a photovoltaic device because in this way it is possible to 
capture most of the photons (within the absorption range) using a 
very thin layer (∼100 – 200 nm) preserving a good charge 
transport. [20] 
• Exciton binding energy. Organic materials generally have a low 
dielectric constant (εr = 2−4), so, after light absorption, tightly 
bound Frenkel excitons are formed. [21] The exciton is an 
electrically neutral quasiparticle consisting of an electron and a 
hole which are bound by electrostatic Coulomb force. 
On the contrary, in inorganic semiconductors, after photons 
absorption, free charges are instantly generated. The exciton 
binding energies for these materials are low, hence, the thermal 
energy available at room temperature of about 25 meV is 
sufficient to dissociate the exciton into free charges, whereas in 
organic materials, where the exciton binding energies are usually 
in the range of 0.3-1 eV [22], it is necessary to apply an additional 
electric field to dissociate it into free charge carriers. 
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1.4 Description of thesis work 
This work targets on the study of new nanomaterials that can be used for 
the realization of polymer solar cells (PSCs). 
The interest on PSCs concerns the unique properties of the polymer 
materials such as low production costs, compatibility with flexible and 
transparent substrates, the easy and environmentally friendly production 
and tunability of their optoelectronics properties.  
Currently, the main challenge is to fabricate materials with these 
properties overcoming the main limitations linked to a low stability and 
efficiency. Indeed, in comparison to the inorganic photovoltaics, in PSCs 
technology both performance and stability are fundamental and complex 
issue to be solved before the commercialization. These two aspects can be 
due to several factors such as the type of chosen materials, the bulk-
heterojunction morphology, the diffusion of electrode or buffer layer 
components into adjacent layers, light and heat. 
This work aims to provide a systematic study of different materials and 
methods for the production of high efficiency PSCs using commercial 
deposition techniques investigating, at the same time, the main device 
degradation processes with particular attention to the effects induced by 
temperature. 
In summary, the main tasks of present PhD thesis are: 
1) Realization and optimization of bulk heterojunction (BHJ) PSCs 
compatible with printing techniques in terms of processability in 
air and thermal stability. 
2) Realization of photoactive layers based on nanostructured 
inorganic hybrid materials combining the semiconductor 
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properties of nanoparticles (NPs) and self-assembly of block 
copolymers (BCPs). 
The research activity, described here, was performed in collaboration with 
ENEA, Portici research center. 
After this overview on the PV technologies and the main differences 
between the organic and inorganic semiconductor materials, the Chapter 2 
introduces the working principles of organic photovoltaics (OPV) and 
summarizes the fabrication and characterization techniques used in the 
work. 
The Chapter 3 is focused on the optimization of the PSC performances 
through a deeper study on the role of different materials with the aim of 
producing thermal stable and fully solution-processed devices. 
The Chapter 4 regards the fabrication of flexible non fullerene ternary 
PSCs and mini-modules through the lamination process. 
The Chapter 5 gives a description of the materials such as block 
copolymers (BCPs) and semiconductor nanoparticles (NPs), and methods 
used for preparing and characterizing the morphology of hybrid inorganic 
nanocomposites. 
The Chapter 6 describes the results obtained in the characterization of the 
thin films based on semiconductor nanoparticles (NPs) and block 
copolymers (BCPs) to obtain a nanostructured hybrid material as 
photoactive layer. 
The Chapter 7 is dedicated to the conclusions.  
Introduction 
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CHAPTER 2 
Organic Photovoltaics (OPVs): The basics 
2.1 Introduction 
The structure of the organic solar cells is a stack of layers where the active 
layer can be considered as the heart of device.  
It is placed in the middle of the stack and, according to its characteristics, 
it is possible to discern different OPV architectures (Fig. 2.1): 
1) Single layer 
2) Bilayer or planar heterojunction (PHJ) 
3) Bulk heterojunction (BHJ) 
 
Fig. 2.1. Device structure of an organic solar cells. 
The first example of organic solar cell was a single organic layer 
sandwiched between two electrodes having suitable work functions (WF). 
The electrical performances of this device were very low (~0.3%) due to 
poor charge mobility between the organic layer and the charges-extracting 
electrodes. [1] 
Organic Photovoltaics (OPV): The Basics 
 
14 
 
To overcome the problems of single layer solar cells, Tang in 1986 
introduced a new type of architecture: the bilayer structure or planar 
heterojunction. [2] This structure consists of stacking two different 
materials, p- and n- type organic semiconductors (this nomenclature is 
referred to the type of material conductivity), also called as donor (D) and 
acceptor (A) respectively, to create a p-n junction. In particular, thin layers 
of donor small molecules (copper phthalocyanine, CuPc) and acceptor 
molecules (perylene diimide derivative) were thermally evaporated 
between the transparent conductive substrate (indium thin oxide, ITO) and 
silver Ag top electrode. This bilayer device resulted in a surprising power 
conversion efficiency of ~1 % under an illumination of 75 mW/m2, 
probably due to a better efficient charge separation at the donor-acceptor 
(D-A) interface. 
A significant scientific progress occurred with the introduction of a new 
architecture, called bulk heterojunction (BHJ). 
In such a device, the donor and acceptor materials are intimately mixed on 
a nanostructured scale (about 10 nm) at a certain ratio, so that the D/A 
interface is distributed throughout the device forming percolation pathways 
for the charges which can reach to the appropriate electrode. 
In 1995, Gang Yu et al [3] reported a successful example of blend structure 
based on donor polymer MEH-PPV and a soluble derivative of C60, [6,6]-
phenyl C61 butyric acid methyl ester ([60]PCBM) as acceptor, yielding a 
PCE up to ~1.5% under low-intensity illumination. 
From that moment, the BHJ has become the most common OPV structure 
and is developing quickly, achieving important results in terms of 
efficiency (~ 14 %). [4] Unfortunately, up to now, some main issues are 
still left unsolved such as the device lifetime and the large scale-production. 
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2.2 Working principles in organic solar cells 
The basic working principles of organic solar cells are illustrated in Fig. 
2.2 and can be summarize into different steps.  
 
Fig. 2.2. Schematic representation of the steps in OPV devices. [5] 
• Photon absorption  
The first step is the absorption of a photon in the active layer. For this to 
happen, a fundamental condition has to be satisfied: the energy of the 
incident photon has to be equal or larger than the materials optical energy 
gap (Eq. 2.1): 
𝐸𝑝ℎ ≥ 𝐸𝑔               𝐸𝑞. 2.1 
In this way, there is the promotion of the electron from the highest occupied 
molecular orbital (HOMO), usually of the donor material, to the lowest 
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unoccupied molecular orbital (LUMO), usually of the acceptor material, 
and the subsequent formation of a Frenkel exciton. 
The absorption is a crucial event and is defined by Lambert-Beer law (Eq. 
2.2) which allows to determine the number of absorbed photons at a certain 
wavelength. In particular, the absorbance is given by: 
𝐴 = 𝑙𝑜𝑔10 (
𝐼0
𝐼𝑡
) = 𝛼𝑑                  𝐸𝑞. 2.2 
where A is the absorbance, the incident light (I0) and the light transmitted 
by the sample (It). The efficiency of light absorption is directly correlated 
to film thickness (d) and to the optical absorption coefficient (α). The α 
value, in turn, is defined by molar extinction coefficient (the ability to 
absorb light by a single molecule), the mass density and molecular 
absorption cross section. 
In order to enhance the absorption, it occurs to find suitable materials with 
specific properties such as a high absorption coefficient, an optimized 
thickness of the stacks to not affect the mobility of free charge carriers and 
an optimal value the band gap of the polymer tuned to the solar spectrum 
in the way that it collects the highest number of photons possible. 
• Exciton diffusion to the donor/acceptor interface  
In organic materials the exciton binding energies are usually in the range 
of 0.3-1 eV [6] and the thermal energy available at room temperature (of 
about 25 meV) is not sufficient to dissociate the exciton into free charges. 
Therefore, the quasi-particle has to diffuse inside the donor material and 
reaches the D/A interface to be split before recombination (Fig. 2.3). 
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Fig. 2.3. Exciton diffusion to the donor/acceptor interface. [7] 
An important parameter in this process is the exciton diffusion length (LD) 
and it is given by the Eq 2.3: 
𝐿𝐷 = √𝐷𝜏                   𝐸𝑞. 2.3 
where D is the diffusion coefficient and τ is photoluminescence decay 
lifetime of the exciton. A longer diffusion length means a larger probability 
that the exciton reaches the interface (D/A) and is separated into free 
charges.  
Generally, for conjugated polymers, the diffusion length is about of 10 nm. 
[8] For this reason, the morphology of the active layer plays an important 
role, in fact, it is necessary that the size of the domains is small enough in 
order that the process takes place and to prevent the recombination.  
• Exciton dissociation at the donor/acceptor interface  
Once the exciton diffuses to D/A interface, it can split into free charge if 
the energy difference between the ionization potential (IP) of the donor 
material and the electron affinity (EA) of the acceptor material is larger than 
the exciton binding energy. This process is usually very efficient and fast 
(order of femtoseconds). [9, 10] 
At this point, the charge carriers are spatially separated but still bound by 
Coulombic forces at the interface, thus, an electric field is needed. This is 
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obtained by the different work-functions of the bottom and top electrodes 
of device. If this difference is sufficiently high, the separated charges can 
reach the contacts, otherwise the geminate recombination takes place. 
• Charge transport 
After the dissociation, the free charges have to travel through the donor and 
acceptor materials to the respective electrodes for extraction.  
The only possible loss mechanism is the recombination between electrons 
and holes. In a bilayer structure, the recombination probability of charges 
should be low, because electrons and holes are placed in two different and 
spatially separated layers, whereas, in a bulk heterojunction, the intermixed 
phases could lead to non-geminate recombination between electrons and 
holes originated from different electron-hole pairs. 
Generally, charge transport mechanisms can be classified as band transport 
for highly purified molecular crystals or hopping transport for amorphous 
organic semiconductors. 
• Charge collection at the electrodes 
Once the electrodes are reached, the charge carriers can be extracted. The 
efficiency of the process is determined by the good match between the work 
functions (WF) of the electrodes and the frontier orbitals energy of the 
donor and acceptor materials (Eq. 2.4 - 2.5). In particular: 
𝑊𝐹𝑎𝑛𝑜𝑑𝑒 ≥ 𝐻𝑂𝑀𝑂𝑑𝑜𝑛𝑜𝑟          𝐸𝑞. 2.4 
𝑊𝐹𝑐𝑎𝑡ℎ𝑜𝑑𝑒 ≤ 𝐿𝑈𝑀𝑂𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟          𝐸𝑞. 2.5 
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If these energy conditions are verified, a good energy level alignment, 
known as ohmic contact, is realized and, hence, there is the injection of 
charges at the corresponding electrodes. On the other hand, if the 
electrode/organic contact is non-ohmic, the energy level misalignment 
could lead to electrical losses for the device. In these cases, anode and 
cathode interlayers are used to improve the energy level alignment between 
the active layer and the metal contacts, and to enhance the device 
performances.  
An important issue is that one of the electrodes has to be transparent to the 
light. The most used substrate is the highly conductive Indium Tin Oxide 
(ITO). It is a heavily-doped n-type semiconductor (typically 90% In2O3, 
10% SnO2 by weight) with a large bandgap of around 4 eV [11] and mostly 
transparent (>80%) in the visible region of the solar spectrum. [12] On the 
contrary, it is opaque in the ultraviolet because of band-to-band absorption 
and also in the near infrared, because of free carrier absorption. 
The other electrode is usually a metal, such as: Al, Ca, Au, Ag, that is 
evaporated over the active layer and its charge extraction ability is 
depending on the type of organic buffer material. 
2.3 Advantages and limits of organic solar cells 
The polymer solar cells (PSCs) have many potential advantages such as 
flexibility, low material costs and low weight. Thanks to these features and 
compatibility with a wide range of substrates, they present a good 
versatility in several production methods included solution processes, high 
throughput printing techniques and roll-to-roll (R2R) technology. 
Moreover, the PSC manufacturing process allows to consume less energy 
than the amount required for conventional inorganic cells. For this reason, 
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PSCs technology should be considered an eco-friendly method but, 
actually, it is not completely sustainable due to the toxicity of some used 
components such as PET, ITO and halogenated solvents in the inks. 
Therefore, in the last years the research activity has been focused on 
development of new green materials able to replace the toxic ones. 
Regarding organic materials, an important advantage is the ability to tune 
the molecular properties (molecular mass, bandgap, and ability to generate 
charges) to obtain a series of desirable properties for specific applications.  
Currently, the main PSCs disadvantages are their low efficiency and short 
lifetime. The fast degradation is mainly due to different chemical and 
physical factors which can be harmful for the solar cells, for example water, 
oxygen, light and temperature.  
For this reason, the polymer solar cells cannot yet replace silicon cells in 
the energy conversion field.  
Nevertheless, the light-weight, the compatibility with transparent and 
flexible substrate, added to the potential processability through high-
throughput printing techniques, allow to use the OPV technology in 
different and innovative applications such as recharging surfaces for 
laptops, phones or window integrations. 
2.4. OPV geometries and Materials 
An important step in building organic solar cells is choice of the best 
geometrical layout to enhance the device performance. There are two type 
of structure, known as conventional and inverted geometries. (Fig. 2.4) 
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Fig. 2.4. a) Conventional and b) Inverted OPV geometries.  
The conventional geometry, also called as “standard device”, has been 
studied for a long period of time, thanks to good efficiencies and relatively 
easy production. [13, 14] Nevertheless, there are several drawbacks that 
can be considered detrimental: 
• poor reproducibility of results [15]; 
• air instability due to the use of low work function metals, like Al, 
responsible for very fast oxidation when exposed to air and, thus, 
producing conductivity losses.  
• vertical phase separation: a stratified composition of blend 
components occurs during the film formation [16, 17]. It is 
noticeable for polymer-fullerene based solar cells where the 
fullerene phase (acceptor) is mainly concentrated at the bottom of 
the film whereas the polymer phase (donor) at the top of the film, 
creating unfavorable situation for the proper functioning of an PV 
device. 
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Most of these problems have been overcome with the introduction of the 
“inverted geometry” where the polarity of charge collection is reversed by 
forcing electron to transparent conductive substrate (i.e. ITO) that acts as 
cathode while the top metal electrode, like silver or gold (Ag or Au), acts 
as anode thanks to a high work function electrode.  
Several studies have demonstrated the better performances of inverted 
architecture than the normal one. [18, 19, 20] The better stability associated 
to a reduced corrosion at contact interfaces allows the use of this geometry 
in printed electronics field and the application to roll-to-roll (R2R) 
processing methods. 
All the devices presented in this thesis were made using inverted geometry. 
Another important issue for fabricating process is the choice of materials 
forming the BHJ solar cells, such as semiconductor polymers, acceptor and 
interfacial materials. 
In the following sections the main features of the used OPV materials are 
described. 
2.4.1 Interface materials 
In order to achieve good performances, the introduction of a hole transport 
layers (HTLs) and an electron transport layers (ETLs) in a bulk 
heterojunction (BHJ) is mandatory. Their role, as mentioned above, is that 
to fulfil three main functions [21]: 
a) Selective contacts: Reduction of charge leakage at the contacts by 
blocking charge transfer such that HTL blocks electrons and ETL 
blocks holes. This is possible due to a high LUMO (HOMO) offset 
between buffer and active layer.  
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b) Ohmic contact to electrodes: The interlayers are highly conductive 
and allow to improve the energy level alignment at the interfaces 
between the active layer and the electrical contacts.  
c) Optical spacer: The interlayers are highly transparent material due 
to a wide band-gap for improving the light absorption thereby 
enhancing the photocurrent.  
The interfacial materials used in this thesis are described as follows.  
2.4.1.1 Electron Transport Layer (ETL) 
Among the n-type metal oxides used in inverted PSCs, Zinc Oxide (ZnO) 
is an interesting interfacial material due to its high transparency in the 
visible range, relatively high electron mobility, appropriate energy band 
structure and environmental stability. [22, 23, 24, 25] 
ZnO can act as hole blocking layer because its valence band is much lower 
than HOMO of the materials (polymers and fullerenes) usually employed 
in the realization of the blend. In addition, the possibility to be easily 
processed via a solution method, followed by low temperature annealing, 
makes ZnO fully compatible with flexible substrates using R2R methods. 
[26] 
Very thin layers of ZnO can be easily obtained by means of different 
deposition techniques, like sol-gel [27], spray-coating [28] and 
nanoparticle (NP) deposition. [29] 
In this work, the inverted PSCs were realized by using a sol–gel derived 
ZnO thin films, as electron transport layer, obtained starting from a solution 
of zinc acetate and ethanolamine in 2-methoxyethanol deposited on ITO 
substrates and annealed at T=150 °C for 5 minutes.  
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One of the most important parameters that determines the overall 
performances of the device is the morphology (and, consequently, the 
roughness) of the ZnO layer. 
In particular, it has been shown that the annealing temperature is a key 
factor in order to determine the optimal morphology of the layer. The low-
temperature annealing process (T=150°C) prolongs the presence of solvent 
molecules in the thin film producing nano-ridges morphology. This is 
useful because it increases the contact area between the active layers and 
the ETLs with consequent improvement of the absorption and the 
photogeneration inside the overlying blend. [30, 31, 32] 
2.4.1.2 Hole Transport Layer (HTL) 
The most important HTLs used for the fabrication of inverted BHJ are 
polymers, like poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS), or transition metal oxides, like MoOx, V2O5, WO3, NiO. 
In this research activity, emphasis was given to the use of two among these 
materials: evaporated MoOx and the solution-processed PEDOT:PSS. 
a) Molibdenum Oxide (MoOx) 
Generally, molybdenum oxide layer greatly improves the electrical device 
performances. For this reason, it has been widely used as hole selective 
layer for both inverted [33, 34, 35, 36] and standard PSCs. [37, 38]  
The mechanism of hole transport, that occurs in a nanostructured MoOx 
layer, is described as an hopping process of the holes via the shallow defect 
states present in its band gap formed as a result of oxygen vacancies. [39, 
40, 41, 42] 
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This material presents interesting properties due to its high work function 
and tunability of its physical, chemical and electronic properties. 
The main advantages are the reduction of the charge recombination by 
suppressing the exciton quenching and the resistance at the photoactive 
layer/anode interface [42, 43] and the better air stability in inverted 
structure compared to the conventional one. [36] 
Moreover, several research group have demonstrated that the improvement 
of overall performances can depend on a variation of the MoOx thickness 
[44, 45, 35] and on the post-processing thermal treatment. [46] In 
particular, it has been shown that the thermal annealing on the device is 
deleterious for the interface between MoOx and Ag due to a diffusion of 
silver ions and oxygen inside the active layer and, thus, MoOx layer evolves 
into an alloy of Ag and MoOx. [45] 
There are different methods to deposit a thin MoOx layer on substrate such 
as from dilute solution or through thermal evaporation. The latter method 
has been effectively used in the fabrication of the devices presented in this 
work. 
In general, thermal evaporation is the best technique but it is uneconomical 
in the upscaling of PSCs and represents a limiting step in an otherwise fast 
roll-to-roll production line. In particular, one of the key points of this 
research activity was the replacement of evaporated materials with 
solution-processed alternatives. 
PEDOT:PSS 
One of the most used HTL layers in both inverted and standard devices is 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate, known as 
PEDOT:PSS.  
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It is a polymeric salt with insoluble PEDOT in its oxidized state with a 
positive charge and PSS having a deprotonated sulfonyl group carrying a 
negative charge.  
The PEDOT:PSS structure is reported in Fig. 2.5. 
 
Fig. 2.5. Chemical structure of the PEDOT:PSS. 
PEDOT:PSS is a water soluble and insoluble in common organic solvents. 
The interest for this interfacial material is due to its high transparency in 
the visible range, good electrical conductivity (> 200 S/cm) [47], excellent 
electrochemical and thermal stability, high charge carrier mobility [48] and 
compatibility with printing processes.  
Nevertheless, there are several drawbacks. This material is highly 
hygroscopic, in fact it retains a large fraction of water (10-15 wt%) [49, 50] 
and has hydrophilic nature. It means that a bad film morphology and worse 
electrical properties can occur when deposited as the HTL onto the 
hydrophobic active layer in inverted devices. [51, 52] In order to increase 
the wettability on hydrophobic surface, it is possible to use surfactants 
which allow to have the van der Waals-type interactions between the 
hydrophobic alkyl backbone and the hydrophobic active layer surface, 
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making the organic layer hydrophilic with subsequent good PEDOT:PSS 
film forming properties on top. [53] 
PEDOT:PSS solution used in the present work was prepared by using 
Heraeus Clevios™ P VP AI 4083 with a ratio of 1:6 of PEDOT to PSS, and 
a conductivity of the order of 10-3 S/cm. [49] 
2.4.2 Active Layer materials 
The most important part in a BHJ solar cell is the light absorbing active 
layer. It is formed by a blend of a donor and an acceptor material. 
Currently, the main challenge of OPV field is to develop materials able to 
achieve optimal efficiencies and high stability in different environmental 
conditions. At the same time, other important features are low costs, 
compatibility with printing techniques and to process for large scale 
productions. 
The following sections describe the basic properties of used donor and 
acceptor materials. 
2.4.2.1 Donor materials 
Polymer semiconductors are promising materials that can be potentially 
applied for large scale OPV production. 
Polymers used in OPV are characterized by being highly π-conjugated. In 
fact, the presence of delocalized energy states within the structure allows 
to promote an efficient intermolecular transport and to guarantee an optimal 
optical absorption. 
In order to achieve high performance solar cells, an ideal polymer has to 
satisfy some criteria: [54, 55] 
1. a high solubility and a good solution processability; 
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2. broad absorption spectrum, complementary to the n-type material one; 
3. a bandgap in the 1.30−1.90 eV range, with a deep HOMO energy level 
(≤ -5.20 eV); 
4. high hole mobility. 
Among conducting polymers, polythiophene and its derivatives are the 
mainly investigated materials for PSCs. This polymer class follows the 
mentioned criteria such as the tunability of band-gap and their optical 
properties, [56, 57] good solution processability, [55, 58] high stability and 
lifetime. [59] 
In this regards, the most studied conducting polymer has been poly(3-
hexylthiophene) (P3HT) due to its highly crystalline structure, with an 
HOMO level of 5.2 eV and low band-gap of 1.9 eV and high hole mobility 
(∼ 10−4−10−3) m2V−1s−1 [60, 61]. The best efficiency for P3HT:PCBM 
based OPV devices was reached in 2005 and is around 5%. [14]  
More recently, novel and efficient donor materials were synthetized. They 
are based on the combination of alternated electron rich and electron poor 
units in so called push-pull or donor-acceptor structures. 
The most representative polymers for this category are: 
✓ poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-
diyl] [3-fluoro-2[(2-ethylhexyl)carbonyl] thieno[3,4-b] thiophenediyl], 
known as PTB7, which have a high hole mobility of 5.8×10−4 
cm2V−1s−1, HOMO level of 5.15 eV [62] and a narrow band-gap of 1.8 
eV, [50] 
✓  poly[[2,6´-4,8-di(5-ethylhexylthienyl)-benzo[1,2-b;3,3-
b]dithiophene][3-fluoro-2[(2 ethylhexyl)carbonyl]-thieno[3,4-
b]thiophenediyl]], also called PTB7-Th or PCE10, with an even narrow 
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band gap of 1.59 eV which is closer to the optimum bandgap (∼1.1–
1.5eV) for a single-junction cell, as proven by Shockley and Queisser 
after considering all optical losses. [63] The best efficiency for inverted 
PTB7-Th:[70]PCBM-based PSCs is 10.3%. [64] 
Another example of donor-acceptor polymer is poly[2,3-bis-(3-
octyloxyphenyl) quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1). TQ1 
is an alternating copolymer that consists of thiophene, the donor-like unit, 
and quinoxaline, acceptor-like unit. The PSCs based on TQ1 and fullerene 
achieved an efficiency of ~7%. [65] 
A promising electron-donating copolymer is poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-
di-2-thienyl-5’,7’bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-
dione))]), or known as PBDB-T. It, used in combination with small 
molecules acceptor (ITIC), has exceeded the PCE barrier of 11%. [66] 
Fig. 2.6 shows some chemical structures of the polymers described in this 
paragraph and used for the fabrication of inverted PSCs in the present thesis 
work. 
 
Fig. 2.6. Molecular structure of the donor materials used in this thesis. 
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2.4.2.2 Acceptor Materials 
The most used electron acceptors in OPV are fullerene derivatives. Their 
structure consists of fullerene cage with suitable functional groups which 
help to improve the low solubility in the common organic solvents.  
The two most important examples are (Fig. 2.7): 
1 [6,6]-phenyl-C61-butyric acid methyl ester, known as [60]PCBM 
2 [6,6]-phenyl C71-butyric acid methyl ester, also called [70]PCBM 
 
Fig. 2.7. Molecular structure of [60]PCBM and [70]PCBM. 
The main advantages derive from the 3D-conjugated cage structure and they 
are: 
• the ability to easily accept electrons due to a high electron affinity 
[67] 
• the reasonably good electron mobility [68] thanks to efficient 
delocalization of the molecular orbitals across the 3D fullerene cages. 
[69] 
Nevertheless, there are also some significant disadvantages which limit the 
device performances such as a poor tunability of frontier molecular orbitals 
(FMOs), a very low absorption in the UV-visible range, the strong tendency 
of fullerenes to aggregate and the very high costs.  
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In order to overcome many of these issues, the research activity has been 
focused on their replacement with adequately designed acceptor materials. 
Non-fullerene acceptors (NFAs) are an attractive alternative characterized by a 
pull-push structure, similar to donor polymers, which allows to absorb strongly 
in the visible and near IR region of the solar spectrum. Moreover, their structure 
can be easily modified tuning conveniently the LUMO energy levels to achieve 
higher VOC in devices or introducing the steric hindrance in derivatives bearing 
alkyl chains to improve solubility and simultaneously prevent aggregation 
phenomena. [70] 
Currently, the most promising replacements for fullerenes are an interesting 
class of electron acceptors, called acceptor–donor–acceptor (A–D–A) 
calamitic-type small molecules. Their structure consists of an electron rich 
donor central core flanked on either side by electron deficient acceptor 
units. [70] 
Notable are the A–D–A small molecules based on Indacenodithiophene 
(IDT) or indacenodithienothiophene (IDTT) core that are characterized by 
strong electron donating and planar structures and good stability. 
A good NFA example is 9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene, also known as ITIC. This acceptor 
consists of IDTT unit as the core and has a band-gap of 1.59 eV. When 
paired with PBDB-T, the OPV devices exhibited a high power conversion 
efficiency (PCE) of 11.21%, excellent thermal stability and promising 
photovoltaic properties.  
However, the best efficiency (11.34%) was achieved using ITIC with a 
wide bandgap donor polymer, named PBQ-4F. [71] 
Organic Photovoltaics (OPV): The Basics 
 
32 
 
Other two important examples of small molecule acceptors are O-IDTBR 
and O-IDFBR. The former made use of the IDT core which involves a 
narrow band-gap (1.63eV) and a good structural planarization whereas the 
latter uses an indeno[1,2-b] fluorene moiety as its electron rich core.  
In a recent report it has been shown how the combination of these two 
acceptors with P3HT polymer clearly improves the electrical performances 
of ternary OPV devices achieving a high efficiency of 7.7%. [72] 
In recent years, the use of NFAs has become predominant due to the several 
advantages and, for this reason, the research activity is constantly focused 
on developing new approaches to improve molecule design and device 
performances. 
The chemical structures of described small molecule acceptors are reported 
in Fig. 2.8. 
 
Fig. 2.8. Molecular structure of the small molecule acceptors used in this thesis. 
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2.5 Methods  
The fabrication process of polymer solar cells (PSCs) is crucial and consists 
of several steps that can be summarized as follows: 
1) Substrate preparation (cleaning and ITO photolithography) 
2) Interfacial and active layers deposition 
3) Back electrode deposition 
During the present PhD activity, the different PSC layers were deposited 
by using: 
• Solution processing methods (coating and printing techniques for 
thin liquid layer deposition); 
• Evaporation techniques (i.e. thermal evaporation). 
The main used fabrication and characterization techniques for the 
realization of inverted PSCs are described in the following sections. 
2.5.1  Substrate preparation 
In microelectronics, the substrate preparation is a fundamental step for 
obtaining reproducible results.  
The solar cells presented in this thesis were realized using indium tin oxide 
(ITO) as a transparent substrate. Thin films of ITO are commonly deposited 
on glass surfaces by physical vapor deposition, electron beam evaporation 
or sputter deposition techniques.  
The used glass/ITO substrates were purchased from Delta Technologies 
with a transparency ≥85%, a thickness of about 160 nm and a sheet 
resistivity ~12 Ω/sq. 
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The substrate preparation was based on photolithographic patterning of 
ITO to define the electrode geometry (Fig. 2.9), cutting the ITO coated-
glass in the suitable sizes (20 mm x 20 mm), and the subsequent rigorous 
washing procedure to remove dust and impurities on the surface, since they 
could be deleterious for fabrication process and device performances. 
 
Fig. 2.9. ITO pattern onto glass substrate after photolithography process. 
The cleaning procedure was as follows: initially, the substrates were 
sonicated in a hot water ultrasonic bath (~80°C) with Deconex detergent 
for 2h, followed by several rinses with DI water. After this, ultrasonic baths 
of acetone and isopropanol (15 min each) were used. Finally, the substrates 
were dried in vacuum at 130°C overnight.  
2.5.2 Thin film deposition techniques 
This is an overview on different thin film deposition techniques, coating 
and printing, used in this work to deposit the active and/or interfacial layers 
from solution.  
They can be distinguished in methods compatible with laboratory-scale 
production and methods compatible with roll-to-roll (R2R) large-scale 
production. 
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• Spin coating 
The spin coating is the main method used on lab-scale to obtain thin films 
with high reproducibility and good uniformity. The thickness of the films 
depends on the angular spinning speed, the concentration of the solution, 
the molar mass and the distribution of molar masses of the used polymer. 
[73]  
The theoretical aspects have been investigated by Emslie and Meyerhofer. 
[74, 75]. They developed semiempirical equations to define the thickness 
of layer. In particular, the variation of the film thickness is a function of 
time and is directly proportional to the inverse square root of the angular 
spinning speed. 
Basically, a certain amount of solution is deposited onto substrate. Then, it 
starts to rotate and the solution is spread evenly over the surface by 
centrifugal force, with excess solution ejected off the edge. Solvent 
evaporation occurs while the substrate is still spinning and, finally, there is 
the formation of a thin and uniform film covering the substrate. (Fig. 2.10) 
 
Fig. 2.10. Steps of spin coating process. 
If the concentration of the solution, the substrate surface and the amount of 
solution deposited on the substrate are constant, higher angular speed 
means that the film will be thinner. The spinning time is determined by the 
boiling point of various used solvents. 
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• Blade coating 
Blade coating is a simple and cheap printing techniques compatible for 
large area production on rigid or flexible substrates. 
The technique is based on the use of a sharp blade at a fixed distance from 
the substrate surface. The coating solution is then deposited in front of the 
blade that is then moved across the substrate forming a thin film. (Fig. 2.11) 
 
Fig. 2.11. Blade coating process. 
The final thickness, d, is roughly half of the gap width depending on the 
coating speed and flow behavior [76] and can be empirically calculated 
according to Eq. 2.6: 
𝑑 =
1
2
(𝑔
𝑐
𝜌
)          𝐸𝑞. 2.6 
where g is the gap distance between the blade and the substrate, c is the 
concentration of the solid material in the coating solution (g*cm−3) and, ρ 
is the density of the material in the final film (g*cm−3). [77] 
The main disadvantage of this method is the low speed that could lead to 
the aggregation or crystallization at high concentration of materials during 
the coating process. 
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• Screen printing 
Screen printing is one of the oldest printing techniques that began to 
develop in the early 1900s.  
It allows to print very thick layers using primarily viscous materials. It is 
normally useful for printing electrodes. 
There are two different types of screen printing: flatbed (Fig. 2.12) and 
rotary screen printing.  
In this thesis, only the first one was used. The technique works through a 
squeegee that moves along the horizontal plane, forces the ink paste 
through the opening of the mesh and forming the desired motif on the 
substrate.  
 
Fig. 2.12. Screen printing process. 
The main advantages are the low cost of masks and the possibility to print 
on very large areas (on the scale of 10 square meters). [78] 
• Slot die printing 
Slot-die coating is one of many methods to deposit a thin liquid film onto 
a substrate. Its main feature is the ease of integration into scale-up 
processes (like roll-to-roll coating).  
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This technique is robust and simple in operation and allows to coat stripes 
of material useful for making, for example, solar modules. 
There are several advantages related to the use of this printing technology 
such as high levels of coating uniformity across the length/width of the 
coating surface, a deposition of variable thin-films thicknesses ranging 
from a few nanometres to many micrometres and the use of a wide range 
of solution types and viscosities. 
The instrument used in the present activity was FOM Technologies Mini 
Roll Coater (MRC) shown in Fig. 2.13. 
A) B) 
C) 
Fig. 2.13. A) Photograph of used Mini roll coater (MRC), B) slot-die coating 
process, C) Photograph of used printing head. 
The MRC consists of an aluminium drum (diameter of 320 mm) in which 
it is possible to set the temperature. Generally, the drum gives a velocity of 
0 to 2 m/min, while an ink flows from the coating head, forming the coated 
layer. 
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2.5.3 Thermal Evaporation 
Thermal evaporation is one of the simplest among the Physical Vapor 
Deposition (PVD) techniques and is mainly used for deposition of metal 
oxide interlayers and metallic back electrodes. 
Basically, materials are placed in a vacuum chamber and evaporated from 
crucibles by passing a current through a heating coil surrounding the 
crucible. 
When the atoms at the surface of the material have a sufficient energy to 
leave the surface, they will travel across the vacuum chamber and coat a 
substrate positioned above the evaporating material (average working 
distances are 200 mm to 1 meter). The pressure in the chamber is typically 
~10-4 Torr or lower in order to avoid oxidation of the source and collision 
among atoms and other particles in the chamber. In particular, the free path 
must be longer than the distance between evaporation source and the 
substrate, where the free path means the average distance that an atom or 
molecule can travel in a vacuum chamber before colliding.  
A schematic representation of thermal evaporation mechanism is shown in 
Fig. 2.14. 
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A) 
 
B) 
 
Fig. 2.14. A) Thermal evaporation process; B) Device geometry. 
For the evaporation process, the use of masks is required because it allows 
to define the pattern of the substrate to cover in order to obtain the correct 
device geometry (Fig. 2.14 B). 
The thickness of the deposited material is checked by a quartz crystal 
microbalance (QCM). 
The instrument used in this work was Kurt J. Lesker MiniSpectros. 
The main evaporation parameters are deposition rate, crucible material and 
final film thickness. In particular, the main used materials are reported in 
Tab. 2.1. 
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Tab. 2.1. Thermal evaporation parameters used in this work. 
Material 
Crucible 
Material 
Film 
Thickness 
(nm) 
Deposition 
Rate 
(Ås-1) 
Molybdenum 
Oxide (MoOx) 
Aluminium 
oxide (Al2O3) 
5-10 0.5 
Aluminium 
(Al) 
Boron Nitride 
(BN) or TiB2-
BN 
100-120 0.5 
Silver (Ag) Tungsten (W) 100 0.5 
2.5.4 Characterization techniques 
2.5.4.1 Current-Voltage characteristics 
The most important characterization method for OPV is the measurement 
of the current-voltage characteristics (I-V curve), both in dark and under 
illumination.  
This type of measurement should be carried out under real solar 
illumination or at a well-defined conditions that are correlated to the 
intensity and spectrum of the solar light which reaches the Earth. 
Ideally, the spectrum of the solar radiation is close to black body but, 
actually, the amount that indeed reaches the Earth's surface depends on: 
• Absorption and scattering phenomena of molecules forming the 
atmosphere. In particular, some wavelengths are strongly absorbed by 
atmospheric components, such as water vapour (H2O), oxygen (O2) and 
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carbon dioxide (CO2) which are absorbing molecules in the visible and 
infrared regions while ozone (O3) in the UV region; 
• The sun inclination on the horizon. 
For these reasons, the solar spectrum changes. Standard reference spectra, 
AM0 and AM1.5 (Fig. 2.15), are defined to allow the performance 
comparison of photovoltaic devices from different manufacturers and 
research laboratories. The syntax "AM" indicates the air coefficient mass 
and is given by the Eq. 2.7: 
𝐴𝑀 =  
1
cos(𝜃)
          𝐸𝑞. 2.7 
where θ is the zenith angle of the sun. 
 
Fig. 2.15. The solar radiation spectrum for direct light at both the top of the Earth's 
atmosphere (AM0) and at sea level (AM1.5). These curves are based on the 
American Society for Testing and Materials (ASTM) Terrestrial Reference 
Spectra. 
In this study, standard conditions used for solar cell characterization are the 
AM1.5G spectrum (1 Sun) with a fixed intensity of 100 mWcm-2 and T = 
25°C. 
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All I-V measurement of this study were carried out under nitrogen 
atmosphere (O2 and H2O < 1 ppm) and using a AAA class solar simulator 
from Photo Emission Tech, model CT100AAA, equipped with 150W 
Xenon Lamp whose intensity was calibrated using a mono-Si reference cell 
equipped with KG5 filter for 1 Sun intensity. 
Generally, the current generated under illumination depends on illuminated 
area, A, hence, Current Density, J (mA cm-2) is usually reported instead of 
Current I. 
The basic current density–voltage characteristics (J–V curve) for a typical 
solar cell are shown in Fig. 2.16. 
 
Fig. 2.16. J-V characteristics of a solar cell. 
The J-V curve of the cell under illumination is a superposition of the dark 
J-V with the light generated current and the curve is shifted down to the 4th 
quadrant. 
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From J-V characteristics, various parameters can be determined such as 
open circuit voltage (VOC), short circuit current (JSC) and fill factor (FF). 
Open-circuit Voltage (VOC) is the maximum voltage available from a solar 
cell and this occurs at zero current. Its thermodynamic limit is given by the 
bandgap of the active materials. [79] 
Short-circuit Current Density (JSC) is the current through the solar cell 
when the voltage is zero on a given active area A. It represents the number 
of charge carriers that are generated and collected at the electrodes. 
Therefore, JSC primarily depends on the property of the D and A materials, 
active layer morphology and the carrier mobility in the D and A phases. 
Fill Factor (FF) is defined as a ratio between practical produced power and 
the theoretically possible (Eq. 2.8): 
𝐹𝐹 =
𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃
𝐼𝑆𝐶 ∙ 𝑉𝑂𝐶
=
𝐽𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃
𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶
          𝐸𝑞. 2.8 
Where JMPP and VMPP are the current density and voltage at the point of 
maximum power output, respectively.  
The FF is an indicator of the quality of a photovoltaic cell and it should be 
as high as possible. Its value can be significantly affected both by the 
ideality factor (n) of the cell, but also from its electrical resistances (series 
resistance, RS, and shunt resistance, Rsh). In particular, the series resistance 
(RS) includes all resistances at the interfaces between the layers, the 
conductivity of the semiconductors and the electrodes. It should be low for 
a good performing device. The shunt resistance (Rsh) needs to be high and 
includes all the current leakage through shunts as a result of defects in the 
layers. 
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All these parameters allow to calculate the most important benchmark 
value for solar cells, the power conversion efficiency (PCE). It is defined 
as the ratio between the maximum electrical power (IMPP*VMPP) of a cell 
and the power of the incident light (Pin), from the simulated AM1.5G solar 
spectrum, on a given active area A (Eq. 2.9): 
𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
=
𝐼𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃
𝑃𝑖𝑛 ∙ 𝐴
= 𝐹𝐹 ∙
𝐼𝑆𝐶 ∙ 𝑉𝑂𝐶
𝑃𝑖𝑛 ∙ 𝐴
 = 𝐹𝐹 ∙
𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶
𝑃𝑖𝑛
          𝐸𝑞. 2.9 
2.5.4.2 External Quantum Efficiency 
The quantum efficiency measurements give information on the current that 
a solar cell will produce when illuminated by a particular wavelength. 
The “external quantum efficiency" (E.Q.E.) indicates the ratio of the 
number of carriers collected by the solar cell to the number of photons of a 
given energy incident on the solar cell. (Eq. 2.10) 
𝐸𝑄𝐸 (𝜆) =
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑠 )
(
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑠 )
          𝐸𝑞. 2.10 
An EQE of 100% means that for a given wavelength, all incident photons 
are converted to free charges and collected at the contacts.  
An example of EQE curve for silicon (Si) solar cell is given in Fig. 2.17. 
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Fig.2.17. The external quantum efficiency (EQE) of a silicon (Si) solar cell. 
There is a direct correlation between EQE and J-V measurements. In fact, 
it is possible to calculate the value of JSC from EQE measurement and 
compare it to the value obtained by the cell measured by solar simulator, 
using the Eq. 2.11: 
𝐽𝑆𝐶 = ∫ 𝑒𝐸𝑄𝐸(𝜆)
𝜆
ℎ𝑐
𝐸𝜆
𝐴𝑀1.5𝐺(𝜆)𝑑𝜆
∞
0
          𝐸𝑞. 2.11 
where 𝐸𝜆
𝐴𝑀1.5𝐺 is the spectral irradiance of the AM1.5G spectrum, λ is the 
wavelength, h is Planck’s constant, c is the speed of light, and e is the 
elementary charge. 
The EQE measurements reported in the present thesis were carried out 
using a Bentham PVE300 apparatus calibrated with a Si detector. 
2.5.4.3 Absorbance spectroscopy 
Absorbance spectroscopy was used to measure the transmission and 
reflectance of light at various wavelengths for different samples.  
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Basically, the total absorption of the stack is given by Eq. 2.12: 
𝐴 = 1 − 𝑇 − 𝑅          𝐸𝑞. 2.12 
Where T is the transmittance of the sample and R is its reflectance. 
Reflection-based experiment was performed using an integrating sphere as 
shown in Fig. 2.18. 
 
Fig. 2.18. Sampling configurations for diffuse and specular reflectance. 
The UV-visible spectrophotometer used in this work (Perkin-Elmer 
Lambda 900 Spectrophotometer) is a double ray instrument and it is 
equipped with a deuterium and pre-aligned tungsten-halogen sources with 
a double monochromator. 
2.5.4.4 Profilometry 
Thickness is one of the most important film parameters, from which some 
properties of the material can depend. 
The used technique to measure the thickness of the thin films is very 
simple. It consists of creating a neat step between the investigated materials 
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and the substrate and measurement of surface variation as shown in Fig. 
2.19.  
 
Fig. 2.19. a) Stylus moving linearly across layer surface. b) Measured height  
profile of sample with layer depth, t. 
Basically, a diamond stylus is moved laterally along the sample for a 
specified distance and specified contact force. A typical profilometer can 
measure small vertical features ranging in height from 10 nanometers to 1 
millimeter. 
All thickness measurements were performed electromechanically by using 
a KLA Tencor P-10 model-Surface Profile Measuring System. KLA 
Tencor can provide height measurements with vertical resolution of 5 Å in 
a long lateral scan range of 50 μm to 30 mm, accuracy of 10 Å, 1σ step 
height repeatability, hence, enabling precise measurements of thin films 
thickness below 100 Å.  
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CHAPTER 3 
Organic Photovoltaics (OPV): Experimental 
section 
3.1 Introduction 
The main challenge of PSC technology for the commercialization is to 
overcome thermal instability of organic solar cells in order to produce 
devices with industrially scalable printing technologies (i.e. high 
throughput roll-to-roll process) since different heating steps at high 
temperature to dry the printed layers are usually required [1] Therefore, 
the thermal degradation is a critical aspect for the PSC production. In fact, 
each layer constituting the solar cell can affect the overall stability 
performance of the final device. [2, 3, 4] 
According to these considerations, the aim of the research activity was the 
study of different materials (i.e. active layer materials, interlayer materials 
and metallic inks) and their properties for the realization of PSCs. The 
following aspects were considered:  
✓ the optimization of device structure to achieve the best electrical 
performance; 
✓ the impact of material thermal behavior on the device 
performance; 
✓ the compatibility with printing techniques under different 
operating conditions. 
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3.2 Fullerene-based polymer solar cells 
This section presents the results of the study carried out on polymer solar 
cells based on the blend PTB7-Th:[70]PCBM. 
As discussed in Chapter 2, PTB7-Th is an analogue of PTB7 but with two 
2-ethylhexyl-thienyl groups pendant off the benzodithiophene backbone 
unit. It is a highly efficient and low band-gap donor polymer (Eg ~ 1.6 
eV). 
This material has several advantages but, also, some important 
drawbacks. In fact, solar cells based on PTB7-like and fullerene are 
generally known to be thermal unstable due to deterioration of the blend 
morphology at high temperatures. [5, 6] Nevertheless, it was 
demonstrated that this type of polymer can be considered a promising 
material thanks to the possibility of processing under ambient conditions 
using roll-to-roll or compatible production methods. [7]  
The approach of this work was to perform a systematic comparison of 
solar cells fabricated by means of different coating and printing 
techniques, i.e. spin-coating vs. screen printing and under various 
environmental conditions such as nitrogen vs. air, and, at the same time, 
to study their thermal stability. 
3.2.1 Device preparation 
PSC devices were fabricated using the inverted architecture because this 
configuration is more stable under ambient conditions and more suitable 
for large-scale printing process [8, 9, 10, 11]. In particular, it consists of: 
ITO/ZnO/PTB7-Th:[70]PCBM (1:1.5 w/w) /MoOx/Ag 
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The BHJ architecture and the energy diagram, showing the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) energy levels for different device components, are 
reported in Fig. 3.1. 
 
Fig. 3.1. A) Device architecture; B) Energy level diagram. 
The materials used in this thesis are commercially available. PTB7-Th 
donor material (Mn > 25000 Da, PDI= 1.8-2.2) was purchased from 
Solarmer Materials Inc and the fullerene derivative [70]PCBM from 
Solenne B.V. 
The devices were fabricated using the following methods. Firstly, pre-
patterned ITO substrates were throughly cleaned as described in Chapter 
2 and subjected to UV-Ozone treatment to remove further organic 
residues and to improve surface hydrophilicity. Then, a 40 nm ZnO layer 
(ETL), produced by sol-gel method, was spin-cast in air at 4000 rpm for 
60 s onto the substrates, and was subsequently annealed on a hot plate in 
air for 5 minutes at 150°C. The active layer ([PTB7-Th] = 15 mg mL-1) 
was then spin-cast in the glovebox and subjected to methanol wash. 
Finally, a top anode consisting of a MoOx/Ag film (5/100 nm) was 
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deposited onto the active layer via thermal evaporation at a pressure 
roughly ~ 10-7 mbar in a vacuum evaporation chamber.  
A set of four devices was fabricated for each type of studied sample. The 
device area was 0.2025 cm2. All the devices were characterized by UV-
VIS spectroscopy, J-V measurements under simulated AM1.5G solar 
irradiation (100 mW cm-2) and quantum efficiency measurements (EQE).  
3.2.2 Characterization 
I) Optimization of inverted PSC 
In order to optimize the device structure, the physical features of active 
layer, such as thickness and thermal annealing conditions, were studied.  
It is known that the performances of PSC are highly sensitive to active 
layer (AL) thickness variations. [12] For this reason, the optimization 
process of AL thickness is an important step in order to achieve a good 
compromise between strong light absorption and efficient charge carrier 
collection. In particular, the optimal thickness strictly depends on the 
interference effects occurring in the thin film multilayer device [13] and 
can be also affected by the use of optical spacers. [14, 15] In the case of 
low thicknesses, electrical losses can be considered constant. 
The UV-Vis absorption spectra of PTB7-Th:[70]PCBM blend layer with 
different thicknesses (t) are reported in Fig. 3.2.  
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Fig. 3.2. Absorption spectra of PTB7-Th:[70]PCBM blend with different 
thicknesses. 
The tests were performed by varying the spin speed obtaining thin film 
thicknesses included in a rather small range (70 nm <t< 81 nm).  
The blend spectra show a broad absorption from 300 nm to 750 nm. The 
absorption between 550 nm and 750 nm is mainly due to the PTB7-Th, 
while its relatively weak absorption from 300 nm to 500 nm is 
compensated by the acceptor component [70]PCBM.  
Fig. 3.3 shows the typical J-V characteristics under illuminated conditions 
and EQE curves of devices fabricated using the different thicknesses. 
Tab. 3.1 summarizes the photovoltaics parameters for the devices. 
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Fig. 3.3. Devices fabricated varying the active layer thickness: A) J-V light 
characteristics; B) EQE spectra. 
Tab. 3.1. J-V light values of the devices realized varying the active layer 
thickness. 
Blend 
Thickness 
(t) 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ohm*cm2) 
Rsh 
(Ohm*cm2) 
70 nm 8.42 65.7 
15.9 
(15.1) 
805 4.3 7E2 
75 nm 9.17  68.2  
16.8 
(15.9) 
811  3.7   7.5E2   
81 nm 9.09 68.5  
16.2 
(15.7) 
813  3.9  9E2 
The JSC values in brackets were obtained by the EQE measurements. 
A 
B 
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As shown in Tab. 3.1, the best device performances were obtained by 
using an active layer of 75 nm exhibiting a JSC values of 16.8 mA/cm
2, a 
high VOC of 811 mV, and FF of about 68%, leading to a maximum PCE 
of 9.17 %. 
Note that, the performance of PTB7-Th:[70]PCBM solar cells are 
strongly dependent on the processing conditions and on the blend 
morphology. Therefore, in order to increase the nanoscale phase 
separation, the addition of chemical additives in the blend solution, such 
as 1,8 diiodoctane (DIO), is request. [16]. It is known that these solvent 
additives are generally small molecules, which selectively dissolve the 
fullerene preventing aggregation and allow to obtain an optimal 
interpenetrating network-type morphology of the active layer. [17] At the 
same time, it has been demonstrated that some additive residues remain in 
the organic layer of the fabricated devices due to their low volatility and, 
thus, could be detrimental for the devices performance, i.e., limiting their 
lifetime and leading to photodegradation when exposed to simulated 
sunlight in ambient conditions. [18, 19] Therefore, the most favorable 
strategy, also used in the present thesis work, to tackle this problem is the 
methanol treatment that removes the residual additives and improves the 
morphological stability enhancing the efficiency of PSCs. [20, 21, 22, 23] 
In order to evaluate the real contribution of the blend to the JSC, it was 
measured the external quantum efficiency (EQE) (Fig. 3.8B) obtaining 
that the integrated EQE for these devices matches the measured short 
circuit current with a margin of about 5%. The maximum values of EQE 
are in the range 450-500 nm (~70%) and in the range 600-750 nm 
(achieving 72%).  
In order to understand the influence of temperature on the active layer, the 
thermal tests were carried out under inert atmosphere. 
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The temperatures (T) of the tests were fixed at  
• 80°C  
• 100°C  
• 140°C 
In particular, T=80°C was chosen because it represents the operating 
temperature to test the device functioning for the outdoor applications 
since solar panels usually reach temperatures as high as 65-85°C. [24] In 
addition, higher temperatures were also evaluated with the purpose of 
determining the thermal stability threshold of the active layer to prevent 
fullerene aggregation. 
The PV performances were checked after 5 minutes. The annealed 
devices were characterized and compared with the untreated ones (Fig. 
3.4). 
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Fig. 3.4 Annealing temperature dependences of (A) PCE, (B) FF, (C) JSC and 
(D) VOC of the PTB7-Th:[70]PCBM bulk heterojunction photocells. Horizontal 
lines denote the relevant values of PCE (A), FF (B), JSC (C) and VOC (D) for the 
as prepared device with an active layer of 75 nm, not subjected at thermal 
annealing. 
The performances of the device with the active layer annealed at 80°C, 
remain substantially unchanged. This means that the organic layer 
morphology can be considered thermal stable at this condition and, for 
this reason, this temperature was selected for the following working steps. 
On the contrary, higher temperatures induced a serious degradation for all 
PV parameters. It is known, in fact, that PTB7-like polymer and 
[70]PCBM deteriorate upon thermal annealing due to irreversible 
aggregation of fullerene [25] resulting in a variation of the charge 
percolation nanostructures. 
A 
C 
B 
D 
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II) Incorporation of solution-processed HTL 
One of the key points of the present research activity was the substitution 
of the evaporated materials, such as hole transport layer (HTL) and 
metals, with solution-processed alternatives compatible with printing 
techniques. This is an important step for roll-to roll (R2R) production, to 
fabricate on large area and with low costs. 
OPV devices were fabricated replacing MoOx (HTL) in inverted 
configuration (ITO/ZnO/active layer/HTL/Ag) with solution-processed 
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate, (PEDOT:PSS). 
As discussed in Chapter 2, this material combines several characteristics 
that are desirable for OPV applications, including good conductivity and 
high film transparency. In Fig. 3.5 is reported its reflectance and 
transmittance spectra (film deposited on a glass substrate). 
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Fig. 3.5. Reflectance (a) and transmittance (b) spectra of PEDOT:PSS deposited 
on a glass substrate. 
The optimal conditions for producing the PEDOT:PSS thin films were 
obtained by scanning their chemical and physical features such as 
composition, thickness and thermal annealing conditions. In particular, 
PEDOT:PSS solution was prepared by mixing PEDOT:PSS (Clevios P 
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VP Al4083) and additives such as isopropyl alcohol (IPA) and Zonyl FS-
300 surfactant in order to increase the wettability on hydrophobic active 
layer surface (Fig. 3.6). 
  
Fig. 3.6. A) The wettability of PEDOT:PSS on hydrophobic surface; B) The 
wettability of PEDOT:PSS with additives on hydrophobic surface. 
For HTL fabrication, the compositions used are:  
A) PEDOT:PSS mixed to isopropyl alcohol (IPA) (1:1) with 0.05 wt% 
Zonyl FS-300 (fluorosurfactant); 
B) PEDOT:PSS mixed to IPA (1:1) with 0.11 wt% Zonyl FS-300 
C) PEDOT:PSS mixed to IPA (1:1) with 0.22 wt% Zonyl FS-300 
D) PEDOT:PSS mixed to IPA (1:2) with 0.22 wt% Zonyl FS-300 
The thin films were obtained by spin coating technique with a spin speed 
of 5000 rpm for 60 s (t~52 nm) and annealed at T=80°C for 10 minutes in 
air, instead of the standard temperature of 120°C, in order to avoid 
fullerene aggregation in the underlying active layer. 
The J–V characteristics under illumination of solar cells and the 
corresponding EQE curve using different PEDOT:PSS compositions are 
shown in Fig. 3.7. 
The photovoltaic device parameters are further summarized in Tab. 3.2. 
A B 
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Fig. 3.7. Devices fabricated varying PEDOT:PSS composition: A) J-V light 
characteristics; B) EQE spectra. 
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Tab. 3.2. J-V light values of the devices realized varying PEDOT:PSS 
composition 
Composition 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ω*cm2) 
Rsh 
(Ω*cm2) 
A 4.23 48.4  
11.2 
(10.5) 
778 15 3E2 
B 5.63 57.0  
12.2 
(11.6)  
806 12 7.4E2  
C 5.32 54.7  
12.2 
(11.1) 
792 11 4.3E2  
D 5.25 53.9  
12.3 
(11.5) 
786 14 4.6E2  
The JSC values in brackets were obtained by the EQE measurements. 
The introduction of solution-processed HTL, instead of evaporated MoOx, 
led to significant but not drastic losses in the PCE (for the best 
PEDOT:PSS composition “B” the reduction is roughly 38%). The main 
parameters affected by solution processing were the FF and the JSC while 
the VOC slightly decay. It is reasonable to suppose that this is also due to 
the highly hygroscopic nature of PEDOT:PSS. In fact, oxygen and water 
could be absorbed during the device fabrication involving reactions at 
interfaces with electrodes that consequently affect the overall PV 
performance. [26] 
These considerations about the reduction of JSC values are also consistent 
with data analysis of EQE measurements. 
After the optimization of the composition, the influence of PEDOT:PSS 
thickness on the device performances was studied. In order to prepare 
films with different thickness, 3 spin rates were chosen:  
• 1000 rpm (t~ 66 nm) 
• 3000 rpm (t~ 61 nm) 
• 5000 rpm (t~ 52 nm) 
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Fig. 3.8 shows J–V light characteristics and EQE curves obtained from 
fabricated devices. 
The corresponding PV values are reported in Table 3.3. 
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Fig. 3.8. Devices fabricated with different PEDOT:PSS thickness: A) J-V light 
characteristics; B) EQE spectra. 
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Tab. 3.3. J-V light values of the devices realized with different PEDOT:PSS 
thickness. 
PEDOT:PSS 
Spin speed 
(rpm) 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ω*cm2) 
Rsh 
(Ω*cm2) 
1000  3.25 48.4  8.5 (7.6) 778 19 4.1E2  
3000  4.41 49.0  11.4 (10.8) 787 14 3.5E2  
5000  4.95 50.6  12.1 (11.4) 809 14 4.2E2  
The JSC values in brackets were obtained by the EQE measurements. 
Various thicknesses of PEDOT:PSS were tested (from 52 to 66 nm) and 
the thinner layer achieved a sufficiently good electrical performance. In 
particular, it was confirmed that the overall reduction in PCE was 
dominated by the reduction in FF and JSC with the VOC only undergoing a 
relatively small reduction, while the PV parameters of devices based on 
thicker HTL layer significantly degraded. 
In summary, the optimized conditions for solution-processed 
PEDOT:PSS layer were: 
✓ Composition B: PEDOT:PSS/IPA (1:1)+ 0.11 wt% Zonyl FS-300 
✓ 80°C for 10’ in air 
✓ Spin speed: 5000 rpm (t~ 50 nm) 
In general, the power conversion efficiency (PCE) of the devices so 
realized was around 5%.  
III) Incorporation of screen-printed Ag back electrode 
According to reported results, a comparative study of the photovoltaic 
behavior of PSCs (with solution-processed PEDOT:PSS as HTL) built up 
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using Ag back electrodes made via thermal evaporation under high 
vacuum (10-7 mbar) and by screen-printing using a commercially Ag 
paste (heat cured at T=80°C) was made. 
The IV light and EQE curves are shown in Fig. 3.9 and the best data are 
summarized in Tab.3.4. 
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Fig. 3.9. Devices fabricated varying back electrode deposition technique 
(evaporation, ev, and screen printing, sc): A) J-V light characteristics; B) EQE 
spectra. 
 
A 
B 
Organic Photovoltaics (OPV): Experimental section 
 
72 
 
Tab.3.4. JV light values of the devices realized varying back electrode 
deposition technique (evaporation, ev, and screen printing, sc). 
Back 
electrode 
deposition 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ω*cm2) 
Rsh 
(Ω*cm2) 
Ag
ev
 4.26  47.6  11.8 762 16 3E2  
Ag
sc
 2.29  38.2  7.5 796 53 3.2E2  
This study highlighted a reduction and rapid deterioration of the electrical 
performances for devices made with screen-printed Ag. Note that there 
was a considerable increase of RS, whose value, as it is known, is 
associated with the general stack architecture and contact resistances. 
Therefore, a plausible explanation could be that the curing temperature 
(T=80°C) of Ag paste is too low and, therefore, the solvents, contained in 
this ink, are trapped in the layer and, then, leak in and partly dissolves the 
underlying active layer destroying the morphology of the bulk 
heterojunction.  
3.3 Non Fullerene-based polymer solar cells 
In the previous section, it was demonstrated that the thermal stability of 
fullerene-based solar cells is strictly related to the thermal behavior of the 
active layer. The main key factor in limiting the efficiency usually is the 
modification of the blend morphology. In fact, it is known that the 
thermal annealing at high temperature leads to reduction of interfacial 
area between donor and acceptor and, consequently, reduction of the 
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charge separation and charge collection efficiencies due to irreversible 
aggregation of fullerene. [25] 
Other crucial aspects, that influenced the thermal behavior of investigated 
devices, were the stability of the adjacent layers, such as HTL and metal 
back electrode, and the interactions occurring at their interface. 
These aspects played a fundamental role in dictating the low device 
performance and for these reasons, the present activity was subsequently 
focused on a more thermal stable and attractive active layer based a wide 
band gap donor polymer, PBDB-T, and small molecular compound, ITIC. 
Zhao et al. [27] demonstrated that PBDB-T:ITIC blend is a promising 
optical and electrical combination. In particular, the single component 
absorption spectra present a good complementarity ensuring, thus, an 
optimal coverage of the solar spectrum. 
 
Fig. 3.10. Normalized absorption spectra of the PBDB-T, ITIC and [70]PCBM. 
[27] 
It can see in the Fig. 3.10 that the PBDB-T film substantially overlaps that 
of the [70]PCBM in the visible range with the maximum value ~ 620 nm 
while it is complementary with that of ITIC. It means that a potential 
photon harvesting enhancement can occur leading to a significant 
improvement of JSC. 
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PBDB-T:ITIC-based device showed an excellent electrical performance 
exceeding the PCE barrier of 11%. The authors investigated the effect of 
different annealing temperatures on the active layer and compared the so 
obtained PCE values to those of PBDB-T: [70]PCBM based PSCs. 
 
Fig. 3.11. Effect of the annealing temperature on the PCE of the PBDB-T:ITIC 
and PBDB-T:[70]PCBM based PSCs. [27] 
As shown in Fig. 3.11, for the non fullerene-based solar cell the best 
performance was achieved when the active layer was annealed at 160°C 
for 30 minutes while a significant degradation occurred for PBDB-
T:[70]PCBM based PSCs.  
In addition, the impressive long-term stability was demonstrated. In fact, 
the PBDB-T:ITIC-based device, annealed under 100 °C for 250 h, still 
showed a PCE of 10.8%. 
In general, the combination between wide bandgap polymer donor and 
narrow band gap non fullerene acceptors is particularly interesting 
because it potentially also provides an effective approach to improve the 
VOC and to have a high value of JSC. [28, 29, 30] 
This section presents the results of the study carried out on polymer solar 
cells based on the blend PBDB-T:ITIC (1:1 w/w). 
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3.3.1 Device Preparation 
The devices were realized with inverted configuration: 
ITO/ZnO/ PBDB-T:ITIC (1:1 w/w) /MoOx/Ag 
The BHJ architecture and the energy diagram are reported in Fig. 3.12. 
 
Fig. 3.12. A) Device architecture; B) Energy level diagram. 
PBDB-T donor material (Mn > 100000 Da, PDI < 3) and ITIC acceptor 
were purchased from 1-Material.  
The devices were fabricated as described in the Section 3.2.1. The active 
layer was spin coated under inert conditions using a chlorobenzene blend 
solution ([PBDB-T] = 10 mg/mL) with a weight ratio between PBDB-
T:ITIC of 1:1, adding 0.5 vol% of 1,8 DIO and thermal annealed at 160°C 
for 30 minutes. 
All the devices were characterized by UV-VIS spectroscopy, J-V 
measurements under simulated AM1.5G solar irradiation (100 mW cm-2) 
and quantum efficiency measurements (EQE). 
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3.3.2  Characterization 
I) Optimization of inverted PSC 
In this study, a careful analysis of active layer characteristics was carried 
out focusing on the choice of a suitable layer thickness in order to 
optimize the device performance. 
The UV-Vis absorption spectra of PBDB-T:ITIC thin films with different 
thicknesses coated on glass substrates are reported in Fig. 3.13. 
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Fig.3.13. Absorption spectra of PBDB-T:ITIC blend with different thicknesses. 
It is possible to observe a broad absorption from 300 nm to 750 nm. The 
polymer contribution is evident between 480 nm and 650 nm, while the 
absorption at longer wavelengths (from 600 nm to 750 nm) is due to the 
presence of ITIC.  
Fig. 3.14 shows J–V characteristics under illuminated conditions and 
EQE curves obtained from devices with different active layer thickness. 
The corresponding J-V parameters are reported in Tab. 3.5. 
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Fig. 3.14. Devices fabricated varying active layer thicknesses: A) J-V light 
characteristics; B) EQE spectra. 
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Tab. 3.5. J-V light values of the devices realized varying the active layer 
thickness. 
Active 
layer 
Thickness 
(nm) 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ohm*cm2) 
Rsh 
(Ohm*cm2) 
t=72  10.0 70.2  
16.5 
(15.6)  
866  4.5  1.3E3 
t=80  10.2 69.2  
17.0 
(15.9) 
870  4.3  1.3E3 
t=93  9.9 68.2 
16.8 
(15.8)  
867  5.4  1.4E3   
t=103 9.4 65.2 
16.7 
(15.6)  
867 6.7  1.3E3 
The JSC values in brackets were obtained by the EQE measurements. 
The record PSC device (active layer thickness of 100 nm) reported in 
literature [27] was characterized by a PCE = 11.21%, VOC = 899 V, JSC 
=16.81 mA/cm2 and FF=74.2 %. 
The efficiency of PBDB-T:ITIC-based solar cells fabricated in this 
research activity achieved as best result a PCE~10.2 % with lower values 
of FF and VOC while the JOC was substantially the same. Note that these 
performances were obtained by devices with an active layer thickness of 
~ 80 nm. These results are probably due to the different experiment 
conditions and material sources. 
The EQE graph highlights a broad response to sunlight in the range of 
blend absorption with maximum value of 76.4% at 690 nm, comparable 
to state of art.  
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The reported performance was obtained by the BHJ solar cells fabricated 
in an inverted configuration with evaporated MoOx as HTL and Ag as top 
electrode. 
Generally, the use of Ag as anode is preferable, since air exposure allows 
the formation of silver oxide species (Ag2O) characterized by a higher 
work function and, thus, an improvement of hole collection. [31] 
According to the motivation of present work, that is, to realize efficient 
and stable inverted PSCs, an important issue is to study the impact of 
thermal annealing on the whole device. 
As discussed in Chapter 2, it is known that the post-processing thermal 
annealing on the device is harmful for the electrical performance when 
MoOx is used as the HTL due to evolution of the layer into an alloy of 
silver and molybdenum oxide after the diffusion of silver ions and oxygen 
inside the active layer. [32] 
For this reason, various top electrode combinations were tested 
investigating the influence of another metal anode (Aluminium, Al, 100 
nm) with different thicknesses of MoOx as buffer layer (5 or 10 nm).  
OPV devices have been fabricated using this inverted architecture: 
• ITO/ZnO/ PBDB-T:ITIC (1:1 w/w) / MoOx (5 nm)/Al 
• ITO/ZnO/ PBDB-T:ITIC (1:1 w/w) / MoOx (10 nm)/Al 
• ITO/ZnO/ PBDB-T:ITIC (1:1 w/w) / MoOx (5 nm)/Ag as control 
device 
The J-V and EQE curves of so fabricated devices and of the control 
device are shown in Fig. 3.15. The electrical properties are reported in 
Tab. 3.6. 
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Fig. 3.15. Control device and devices fabricated varying the top electrode 
structures: A) J-V light characteristics; B) EQE spectra. 
Tab. 3.6. J-V light values of the control device and of devices realized varying 
the top electrode structures. 
Anode 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ohm*cm2) 
Rsh 
(Ohm*cm2) 
MoOx 
(5 nm)/ Al  
4.6 42.2 13.6 (13.2) 806 14 3.8E2 
MoOx(10 
nm)/ Al 
8.8 64.2 15.5 (14.9) 885 5.4 1.6E3 
MoOx(5 
nm)/Ag  
10.2 69.8 16.7 (15.6) 876 4.4 1.3E3 
The JSC values in brackets were obtained by the EQE measurements. 
A 
B 
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It can see that the device performance was largely dependent on the 
variation of MoOx layer thickness, when it was combined to aluminium 
metal contact. In particular, the increase of the MoOx thickness from 5 nm 
to 10 nm led to a significant enhancement of PV parameters with better 
values of series, RS, and shunt (Rsh) resistances. Nevertheless, these 
results, especially in terms of JSC and FF were lower than the performance 
of control cell. 
This suggests that the optimization of MoOx interlayers with a properly 
chosen metal electrode can reduce interfacial power losses improving, in 
this way, the device performance. 
II) Incorporation of solution-processed HTL 
The study of highly efficient (PBDB-T:ITIC)-based solar cells gave the 
opportunity to test the effect of incorporation of a solution-processed 
HTL layer such as PEDOT:PSS and to determine its role in contributing 
to device stability. 
To this end, OPV devices were fabricated using this inverted architecture: 
ITO/ZnO/ PBDB-T:ITIC (1:1 w/w) /PEDOT:PSS/Ag 
where the PEDOT:PSS layer (t~55 nm) was spin-coated from previously 
optimized solution consisting of: 
▪ PEDOT:PSS mixed to IPA (1:1) adding 0.11 wt% Zonyl FS-300 
(fluorosurfactant) 
Then, a thermal annealing on coated layer was carried out at 120°C for 10 
minutes in air. 
Fig. 3.16 shows the typical J-V characteristics under simulated AM1.5G 
solar irradiation (100 mW cm-2) and EQE curves of the reference device 
based on evaporated MoOx and PSC solar cells realized with solution-
processed PEDOT:PSS.  
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Tab. 3.7 summarizes the photovoltaics parameters for the devices. 
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Fig. 3.16. Reference device with evaporated MoOx as HTL compared to PSC 
solar cells with solution-processed PEDOT:PSS as HTL: A) J-V light 
characteristics; B) EQE spectra. 
 
 
 
 
 
A 
B 
Organic Photovoltaics (OPV): Experimental section 
 
83 
 
Tab. 3.7. J-V light values of the reference device with evaporated MoOx as HTL 
compared to values of PSC solar cells with solution-processed PEDOT:PSS as 
HTL. 
HTL layer 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ω*cm2) 
Rsh 
(Ω*cm2) 
MoOx 10.2 69.8 16.7 876  4.4 1.3E3 
PEDOT:PSS 7.3 60.6 14.4 831 9.5 1.1E3 
After thermal annealing at 100°C for 44h 
PEDOT:PSS 7.1 60.8 14.2 823 9.5 1.5E3 
The replacement of evaporated MoOx layer with the solution-processed 
PEDOT:PSS resulted in lower electrical performance where the PCE 
decreased from 10.2 % to 7.3 % mainly due to a reduction for JSC and FF 
values. However, note that the replacement did not induce drastic losses 
on the VOC, nor did it considerably affect the overall resistance of the 
devices. 
The EQE spectra indicated a substantial reduction in quantum efficiency 
at lower wavelengths between 300 nm and 500 nm while they highlighted 
a good response to sunlight at longer wavelengths with small changes in 
spectral shape. 
According to these reasonable results, the solution-processed 
PEDOT:PSS-based devices were further tested in order to investigate 
their thermal and light stability. 
The thermal test was based on monitoring the device performance after an 
annealing at 100°C for 44 hours in dark and under inert atmosphere. 
As shown in Tab. 3.7, unexpectedly all the photovoltaic parameters 
remained constant at the end of experiment. 
On the other hand, the light exposure caused rapid and progressive 
deterioration of electrical performance as shown in Fig. 3.17. 
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Fig. 3.17. Irradiation time (min) dependences of (A) PCE, (B) FF, (C) JSC and 
(D) VOC of the PBDB-T:ITIC bulk heterojunction solar cells. 
The poor light stability with significant loss in device efficiency is a 
serious obstacle to overcome for the large-scale production under ambient 
conditions. 
3.4 Ternary organic solar cells 
The main limitation in the efficiency improvement for single-junction 
OSCs is that the absorption spectra of organic semiconductors are 
intrinsically narrow. Since JSC is proportional to the number of absorbed 
photons and, thus, strongly depends on the absorption intensity and range 
of the active layer materials, it has been necessary to develop a useful 
A B 
C D 
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method to harvest much more photons in a simple and efficient way. 
Different strategies have been explored to tackle this issue such as the 
tandem and ternary polymer solar cells (Fig. 3.18). 
 
Fig. 3.18. The schematic configuration of the (a) conventional binary OSCs, (b) 
tandem OSCs, and (c) ternary OSCs with four possible active layer 
morphologies according to the location of the third component. [33] 
The tandem solar cell consists of stacking two or more cells connected in 
series or parallel with complementary absorption spectra, which can 
harvest high and low energy photons, allowing also to reduce the 
thermalization loss of photonic energy. [34, 35, 36, 37, 38, 39] 
However, this structure has some manufacturing limitations, such as the 
layer thickness of the sub-cells, the appropriate compatibility of different 
used materials and the fabrication costs.  
On the other hand, ternary solar cell is a more promising strategy that 
combines the advantage to incorporate multiple organic materials like 
tandem solar cells and the simple processing conditions like single BHJ 
solar cells. 
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In the ternary organic solar cells, the active layer is made up of three 
components. Basically, the third component, such as polymer, a small 
molecule, a dye, or a nanoparticle, is put in the main donor:acceptor 
(D:A) matrix. [40, 41, 33, 42] 
According to the type and the function of third component, the ternaries 
can be classified in three main groups: 
➢ two donors/one acceptor (D1/D2/A); [43, 44, 45] 
➢ one donor/two acceptors (D1/A1/A2); [46, 47, 48] 
➢ donor/nonvolatile additive/acceptor (D/NA/A). [49, 50, 51] 
The mechanism controlling the photovoltaic behavior in a ternary solar 
cell is sufficiently complex and it can be summarized in four fundamental 
principles dependent on the position of the third component in the bulk. 
They are: 
• charge transfer: The correct location of the third component is 
related to the existing charge transport pathway of D/A system. 
Therefore, for the efficient charge transfer mechanism, it should 
be located at the interface between the donor and acceptor 
materials. For this reason, a careful design and selection of the 
third component are required to define an appropriate material size 
and orientation. Another important requirement is a suitable 
energy level alignment to avoid forming excitons and charge traps 
in the active layers. About this point, a cascade energy level 
alignment is an effective strategy to create additional pathways 
promoting, thus, the charge-transfer process, and, at the same 
time, to reduce the charge recombination in the ternary active 
layers. [39] 
• energy transfer: this is an alternative and competitive process to 
charge transfer. Basically, the third component acts as energy 
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transfer agent (an energy donor or the energy acceptor). Since the 
radius of energy transfer (~10 nm) is limited, the energy donor 
should need have close contact with energy acceptor in order to 
guarantee an efficient process. 
In general, two mechanisms, known as Förster and Dexter energy 
transfer, can happen, for which the crucial prerequisite is the 
overlap between the emission spectrum of a donor material and 
the absorption spectrum of the energy acceptor. [52] 
• parallel-linkage and alloy models: These models are completely 
different and do not require a defined location and energy 
alignment. 
In particular, the ternary OSC acts as a parallel-linked tandem 
realizing an increased JSC and a composition dependent VOC tuned 
between the open circuit voltage values of reference binary 
devices. The mechanism has been explained by You et al. [53] 
employing two group of polymers and, in particular, fabricating a 
ternary cell with an active layer thickness of 100 nm and the two 
binary sub-cells of 50 nm. It has shown that the absorption profile 
of the ternary film is a linear combination of the spectra of the two 
binary sub-cells and the obtained JSC values are very close to the 
sum of the two binary sub-cells while the VOC lies between the 
values of the sub-cells. [54] 
Thompson et al. [39, 55] proposed another model, named as the 
alloy model. According to this, two electronically similar 
components in the ternary active layers (two donors or two 
acceptors) form an electronic alloy with the same frontier orbital 
(HOMO and LUMO) energies based on the average composition 
of these two components. 
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This model generally requires that the donors or acceptors of 
active layer have a good miscibility and compatibility. 
Fig. 3.19 depicts the four fundamental principles of ternary solar 
cells. 
 
Fig. 3.19. Fundamental principles of ternary blend PSCs. a) Charge transfer 
mechanism; b) The energy transfer (ET) mechanism; c) Parallel-like model; d) 
Alloy-like model. [33] 
In following section, ternary solar cells will be described considering both 
donor polymers and fullerene derivatives as third component in order to 
improve the performance of previously investigated binary system based 
on PBDB-T:ITIC. 
As discussed, the presence of sensitizer potentially could offer multiple 
benefits and synergistic effects to fabricated devices such as an 
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enhancement of photon harvesting, a good energy level alignment, more 
efficiency of exciton dissociation, charge transport and extraction, a better 
stability and a good morphology. 
3.4.1 D1:D2:A1 with PDTP-DFBT as third 
component 
An effective method to broaden the absorption bandwidth of PBDB-
T:ITIC based bulk heterojunction (BHJ) solar cells is to incorporate a 
near IR sensitizer into the host matrix. One of most promising donor 
polymer candidate as sensitizer is poly[2,7-(5,5-bis(3,7-dimethyl octyl)-
5H-dithieno[3,2-b:20,30-d]pyran)-alt-4,7(5,6-difluoro-2,1,3 
benzothiadiazole)], also known as PDTP-DFBT. It is characterized by a 
low band-gap of ~ 1.38 eV, a high hole mobility and deep HOMO level 
and has attracted a wide attention, in particular in the tandem systems 
[56], because its absorption characteristics up to 900 nm and suitable 
energy levels. 
Herein, the performances of ternary solar cells, based on PBDB-T:ITIC as 
host matrix and PDTP-DFBT as third component, were investigated. 
3.4.1.1 Device fabrication 
All BHJ polymer solar cells were fabricated using spin coating as 
deposition method for active layer and the inverted configuration. 
ITO/ZnO/ PBDB-T:PDTP-DFBT:ITIC (1:0.2:1 w/w) /MoOx/Ag 
Fig. 3.20 shows the chemical structure of PDTP-DFBT and the energy 
level diagram of ternary active layer. 
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Fig. 3.20. A) Chemical structure of PDTP-DFBT; B) Energy-level diagram for 
PBDB-T, PDTP-DFBT and ITIC. 
The materials used in this thesis are either commercially available. PDTP-
DFBT donor material was purchased from 1-Material.  
The devices were fabricated as described in the Section 3.2.1. The active 
layer that was spin coated under inert conditions using a chlorobenzene 
blend solution ([PBDB-T] = 10 mg mL-1) with weight ratio of 1:0.2:1, 
adding 0.5 vol% of 1,8 DIO as additive and thermal annealed at 160°C for 
30 minutes. 
All the devices were characterized by UV-VIS spectroscopy, J-V 
measurements under simulated AM1.5G solar irradiation (100 mW cm-2) 
and quantum efficiency measurements (EQE). 
3.4.1.2 Characterization 
Fig. 3.21, taken from literature [57], depicts the UV/vis absorption spectra 
of PDTP−DFBT solution and thin film. The polymer presents a small 
absorption peak around 400 nm and a main absorption range from ∼600 
to ∼900 nm. This range at long wavelenghts is good to compensate that of 
PBDB-T:ITIC based film. 
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Fig. 3.21. Absorption spectra of PDTP−DFBT in chlorobenzene (∼0.1 mg/mL) 
and thin film casted from chlorobenzene; cyclic voltammetry of PDTP-DFBT 
thin film (inset). [57] 
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Fig. 3.22. Absorption spectra of PBDB-T:PDTP-DFBT:ITIC blend deposited on 
glass substrate with different thicknesses. 
In order to evaluate the contribution of third component on the PBDB-
T:ITIC absorption, optical analysis was performed by varying the spin 
speed obtaining thin film of different thicknesses such as t=82 nm and t= 
89 nm. The incorporation of PDTP-DFBT amount in the host matrix led 
to a slight enhancement of absorption from 780 nm to 900 nm as reported 
in Fig. 3.22. 
Fig. 3.23 displays J–V characteristics under illuminated conditions and 
EQE curves obtained from devices with different active layer thicknesses. 
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Tab. 3.8 summarizes the photovoltaics parameters for the devices. 
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Fig. 3.23. Devices fabricated varying active layer thicknesses: A) J-V light 
characteristics; B) EQE spectra. 
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Tab. 3.8. J-V light values of the devices realized varying the active layer 
thickness. 
Active 
layer 
thickness 
(nm) 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ohm*cm2) 
Rsh 
(Ohm*cm2) 
t=82 nm 6.5 58.8 13.0 (13.9) 847 9.5 5.6E2 
t=89 nm 7.9 69.8 13.9 (12.7) 815 3.5 5.7 E2 
The JSC values in brackets were obtained by the EQE measurements. 
The addition of sensitizer in the ternary system did not lead to significant 
improvements. The overall PCE was lower compared to previous reported 
binary solar cells. It can see a drop of all photovoltaic parameters and, 
even looking at the EQE spectrum, it emerges that the presence of PDTP-
DFBT gave only a low contribution in the 750-900 nm region. This 
probably happened because there was not a favorable supramolecular 
assembly in the blend film for achieving an optimal morphology and, 
thus, to promote an efficient charge dissociation and transport. 
3.4.2 D1:A1:A2 with [70]PCBM as third component 
Since fullerene derivatives as acceptors have several advantages, i.e. the 
good isotropic electron transport capability, the strategy of ternary 
structure could favor an improvement or to involve a partially reduction 
of the deficiencies in the active layer to obtain better OSCs. 
In the present work, ternary solar cells using one donor/two acceptors 
configuration with [70]PCBM as additional component were studied. 
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3.4.2.1 Device fabrication 
The devices were fabricated in inverted architecture as described in the 
Section 3.2.1. The active layer consisted of PBDB-T as donor polymer, 
ITIC as first acceptor and the fullerene derivative as second acceptor 
material. The weight ratio of PBDB-T and [70]PCBM:ITIC acceptors was 
maintained at 1:1; the concentration of PBDB-T was 10 mg/mL. The 
weight ratio of [70]PCBM:ITIC acceptors was 0.5:0.5. Chlorobenzene 
was used as the host solvent and 1vol% 1,8 DIO was used as the solvent 
additive.  
PBDB-T:[70]PCBM:ITIC active layer was formed by spin coating with 
different thicknesses and then annealed at various temperatures. 
Binary control solar cells based on PBDB-T:ITIC blend were also 
fabricated as control cells. 
Fig. 3.24 displays the energy levels of the materials (PBDB-T, [70]PCBM 
and ITIC) used in the ternary active layer. 
 
Fig. 3.24. Energy-level diagram for PBDB-T, [70]PCBM and ITIC. 
It can see an ideal cascade like energy levels of ternary blend PSCs which 
can potentially facilitate charge transfer at the D/A interface owing to the 
bridging effect [58, 59], enhancing the VOC and JSC parameters. 
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3.4.2.2 Characterization 
As previously shown in Fig. 3.10 [27], [70]PCBM is characterized by a 
weak visible absorption. On the contrary, ITIC exhibits strong absorption 
in the wavelength range of 500−850 nm complementary to that of PBDB-
T.  
The mixture of these three materials implicated a broad absorption over 
the entire visible spectrum. In particular, the presence of additional 
component into the ternary blends increased the absorption at low 
wavelenght but, at the time, a decrease of ITIC content led to a reduction 
of absorption peak from 650 nm to 800 nm. 
The influence of fullerene derivative on ternary device performance was 
investigated by varying the blend thicknesses and the thermal annealing 
conditions.  
The temperatures (T) of the active layer annealing process were fixed at 
120°C and 140°C for 10 minutes under inert atmosphere. 
Chosen temperatures were lower than the optimized one (T=160°C for 30 
minutes) in order to avoid fullerene aggregation and consequent 
worsening of the blend morphology as discussed above. 
Fig. 3.25 reports the absorption spectra of binary control PBDB-T:ITIC 
blend and the ternary blends containing fullerene derivative and ITIC as 
acceptors with weight ratio of 0.5:0.5 coated at different thicknesses and 
thermal annealing conditions. 
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Fig. 3.25. Absorption spectra of binary control PBDB-T:ITIC-based blend and 
the ternary blends containing fullerene derivative and ITIC as acceptors with 
weight ratio of 0.5:0.5 deposited on glass substrate with different thicknesses 
and thermal annealing conditions. 
The J-V characteristics and the corresponding EQE curves of binary 
control and ternary solar cells fabricated with different thicknesses and 
thermal annealing conditions are presented in Fig. 3.26. 
The PV results are summarized in Tab. 3.9. 
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Fig. 3.26. Binary control PBDB-T:ITIC-based devices and the ternary solar cells 
containing fullerene derivative and ITIC as acceptors with weight ratio of 0.5:0.5 
coated at different thicknesses and thermal annealing conditions: A) J-V light 
characteristics; B) EQE spectra. 
Tab. 3.9. J-V light values of the Binary control PBDB-T:ITIC-based devices 
and the ternary solar cells containing fullerene derivative and ITIC as acceptors 
with weight ratio of 0.5:0.5coated at different thicknesses and thermal annealing 
conditions. 
Active 
layer 
thickness 
PCE 
(%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC 
(mV) 
RS 
(Ohm*cm2) 
Rsh 
(Ohm*cm2) 
(**) t=85 
nm 
(120°C) 
8.7 67.7 14.3 (13.6) 905 5.2 7.6 E2 
t=84 nm 
(120°C) 
9.1 66.7 15.8 (15.2) 866 5.1 1.1 E3 
t=87 nm 
(140C°) 
9.0 64.7 16.0 (15.2) 869 4.9 6.4 E2 
t=96 nm 
(120°C) 
9.2 64.2 16.5 (15.5) 875 5.7 8.6E2 
t=98 nm 
(140°C) 
8.7 63.3 15.7 (15.2) 874 5.8 9.1E2 
(**) Binary control solar cell. 
The JSC values in brackets were obtained by the EQE measurements. 
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Note that the PV performances reported for binary control device was 
lower than the best optimized device shown in the section 3.3.2. This was 
probably caused to the change of active layer processing conditions such 
as the use of larger amount (1 vol/vol%) of DIO as additive and lower 
annealing temperatures in shorter time. 
As reported in Tab. 3.9, despite a slight decreased VOC, it can see that the 
overall PCE of ternary solar cells is unchanged (~9%) and the main 
contribution of third component led to a satisfying improvement of JSC. 
The same observation is derived from EQE spectra where the 
incorporation of sensitizer produced a significant enhancement in the 400 
nm-700 nm region thanks to a higher charge collection efficiency.  
Therefore, it was found a good agreement between the JSC values obtained 
from the J-V and EQE measurements. 
It is necessary to carry out further tests in order to find a better match 
among a more suitable fullerene derivative acceptor, ITIC and the 
polymer donor for achieving higher efficiencies. 
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CHAPTER 4 
Laminated flexible polymer solar cells (PSCs) 
4.1 Introduction 
As a part of the PhD project I spent three months at Linköpings Universitet 
(Sweden), working in the group of Biomolecular and Organic Electronics 
under supervision of Prof. Olle Inganäs. This chapter presents the results 
of activity carried out there.  
As discussed in Chapter 3, the current research interest in the OPV field is 
the realization of all-solution processable, low cost, flexible and 
semitransparent polymer solar cells for the upscaling and to favor the 
industrialization in new and appealing applications, such as measurement 
of the indoor humidity and temperature or energy-generating color window 
glasses. [1] 
In recent years, many efforts have been made to develop materials and 
production methods that are scalable with high throughput, such as roll-to-
roll (R2R) printing under ambient atmosphere, replacing, for example, the 
expensive vacuum-based processing techniques. 
The lamination process is a potentially useful method to satisfy these 
requirements thanks to its simplicity and low cost.  
Its basic principle consists of the fabricating two parts of a PSC separately 
on flexible substrates (i.e. PET) and finishing the device by a lamination 
step. During this key step, the two stacks are forced together between the 
heated rollers with a definite pressure using, i.e, active layer or electrode as 
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adhesive creating, thus, an intimate contact at the interface, both 
mechanically and electronically (Fig. 4.1). [2] 
 
Fig. 4.1. Schematic of roll-to-roll lamination using the active layer as the adhesive. 
Therefore, the lamination approach can play a crucial role in order to realize 
the ultimate goal of low-cost and semitransparent polymer solar cells. 
However, before the commercialization, it is necessary to overcome some 
processing limitations such as, the high temperatures and high pressures 
conditions, which unavoidably implicate a modification the active layer 
morphology and that can cause the degradation of the plastic PET substrate 
(for T> 140°C), associated also to the very low efficiency achieved so far, 
due to a variety of possible reasons. [3] 
Up to now, several studies have been carried out on direct lamination of 
organic films to form planar and bulk heterojunction OPVs. [4, 5, 6, 7]  
One of most promising donor polymer for upscaling synthesis and 
deposition methods for R2R printing methods is TQ1 (described in Chapter 
2). It, paired with [70]PCBM, was already tested in well performing 
laminated solar cells. [8] 
In this work, ternary non fullerene-based polymer solar cells and mini-
modules, coated on flexible PEDOT:PSS electrodes and processed by 
scalable roll lamination method, were investigated. In particular the active 
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layer was based on TQ1 as donor polymer, IDTBR as first small molecule 
acceptor and IDFBR as second non fullerene acceptor. 
4.2 Device fabrication 
Laminated solar cells were realized in inverted configuration, according to 
the following structure: 
PET/PEDOT:PSS/ETL/Active layer to Active layer/PEDOT:PSS/PET 
The BHJ architecture and the energy level diagram of active layer (AL) 
materials are reported in Fig. 4.2. 
 
Fig. 4.2. A) Device architecture; B) Energy level diagram. 
Most materials used in this work are commercially available. TQ1 was 
synthesized according to ref. [9], IDTBR and IDFBR were purchased from 
1-Material; [70]PCBM (99%) was bought from Solenne BV and ZnO 
nanoparticles were bought from InfinityPV. 
For device fabrication, all device steps were carried out in a glove box (<10 
ppm O2, H2O) or in ambient conditions. 
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The PEDOT:PSS solution was prepared by mixing the PEDOT:PSS 
PH1000 (Heraeus) with 6 vol% ethylene glycol and 0.5 vol% Capstone FS-
30 and, then, coated in ambient on polyethylene terephthalate (PET) 
substrates using a roll-to-roll slot-die coater. The thermal annealing process 
was performed at T=110°C for 10 minutes. Subsequently, the 
polyethylenimine (PEI) cathode layer (5-10 nm), obtained from 
isopropanol solution (1g/L), was slot-die coated or, as alternative ETL, 
ZnO nanoparticles were spin coated and annealed at T=120°C for 5 
minutes. Then, the active layer (AL), consisting of TQ1, IDTBR and 
IDFBR, whose weight ratio was 1:0.7:0.3, was spin or blade coated both 
on the cathode stack PET/PEDOT:PSS/ETL and on top of the anode stack 
PET/PEDOT:PSS.  
At this point, the two separated stacks were laminated together using a roll 
laminator (DH 360 Roll Laminator Graphic Solutions Scandinavia AB) at 
T= 120°C and with a force of ~30N between the lamination rollers in order 
to build the whole PSC. 
Finally, all samples were encapsulated with glass lids and UV-curing 
adhesive (Delo glue).  
J–V measurements were performed using Keithley 2400 Source Meter 
under AM1.5G illumination with a solar simulator (LSH7320 LED Solar 
Simulator, Newport). 
UV–Vis was measured with a Lambda 950 UV-Vis (Perkin Elmer). 
4.3 Characterization 
4.3.1 Single laminated ternary PSCs 
According to optical properties that a ternary solar cell needs to have in 
order to ensure a broad absorption and to allow enhanced solar harvesting, 
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an optical analysis of the three individual components and of blend layer 
was carried out. The normalized absorption spectra are reported in Fig. 4.3. 
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Fig. 4.3. Normalized absorption spectra of TQ1, IDTBR, IDFBR and blend active 
layer TQ1:IDTBR:IDFBR. 
It can see that the three chosen compounds to build the ternary PSC 
exhibited a good complementarity in whole visible range. In particular, the 
host polymer donor showed a significant absorption from 450 nm to 700 
nm while the absorption peak observed in the near IR range corresponds to 
the absorption bands of main small molecule acceptor, IDTBR, and the 
peak at around 400–600 nm belongs to the guest component, IDFBR.  
Simultaneously, in the Fig. 4.3 is also presented a broad absorption profile 
of ternary film with maximum value at 620 nm and at 350 nm. 
The optimal conditions for producing the active layer thin film were 
obtained by scanning the chemical and physical features. In particular: 
• Solvent such as dichlorobenzene (DCB) and chlorobenzene (CB); 
• Concentration such as 10 mg/mL and 25 mg/mL;  
• Thickness varying spin speed (rpm).  
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Fig. 4.4 (A-C) shows the typical current density vs voltage (J-V) 
characteristics of the devices fabricated by varying solvent, concentration 
and spin speed under simulated AM1.5G solar irradiation (100 mW cm-2). 
The Tab. 4.1 summarizes the PV parameters of so fabricated devices. 
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Fig. 4.4. The J-V characteristics of TQ1:IDTBR:IDFBR-based laminated devices 
fabricated by A) 10 mg/mL dichlorobenzene blend solution at 500 rpm; B) 25 
mg/mL dichlorobenzene blend solution at different spin speed; C) 25 mg/mL 
chlorobenzene blend solution at different spin speed; D) JSC vs VOC for all 
fabricated devices. 
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Tab. 4.1. PV device parameters of TQ1:IDTBR:IDFBR-based laminated solar 
cells fabricated by varying solvent, concentration and spin speed under 1 sun 
illumination (100 mW cm-2). 
 
Spin speed 
(rpm) 
PCE (%) 
FF 
(%) 
JSC 
(mA/cm2) 
VOC (V) 
10 mg/mL 
DCB 
500 0.43 32 1.95 0.69 
25 mg/mL 
DCB 
700 0.51 33 1.77 0.88 
1000 0.63 28 2.57 0.88 
1500 0.77 33 2.78 0.83 
2000 0.71 30 2.74 0.85 
25 mg/mL 
CB 
700 0.63 26 2.64 0.91 
1000 0.88 30 3.33 0.88 
1500 0.63 27 2.51 0.92 
2000 1.06 30 4.05 0.86 
Note that the shown J-V curves were recorded after applying a high reverse 
bias pulse to remove the short-circuiting (or shunting) behavior. [10] It is 
still unclear what causes the shunting problem, but it could be due to the 
contact between the top and the bottom electrodes, [11] or to a nonselective 
PEDOT:PSS anode or also correlated to the wet deposition of the top 
electrode. The common method to tackle it consists of applying a high 
reverse bias pulse. [8]. 
Fig. 4.4 D summarizes the JSC values as a function of VOC values for all 
fabricated ternary solar cells. Notably, there are three distinct regions 
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corresponding to the three prepared solutions and it can observe that the 
highest values were obtained for 25 mg/mL chlorobenzene solution.  
In all analyzed cases, the performance of the laminated devices was very 
poor with identical and low FF, good VOC values thanks to a deep HOMO 
level of TQ1 and an enhanced JSC for the devices processed from 25 mg/mL 
chlorobenzene solution. Therefore, the low PCE values of laminated 
devices are primarily linked to the low FF values (~30%).  
Many factors contribute to reduce and degrade the performance of devices 
such as the multistep manufacturing process and the ambient operating 
conditions. Ideally, the whole process should be performed under inert 
atmosphere in order to avoid the exposure to air and to the dust particles 
(micrometer size range). In fact, the latter could damage the mechanical 
adhesion and electrical contact of solar cells. [8] 
4.3.2 Laminated Solar Mini-modules 
As previously discussed, the lamination method combines the ease of 
processing to low costs and, for these reasons, it could be potentially 
applied to the module fabrication. 
Photovoltaic modules represent an important step for the 
commercialization. They consist of monolithically connected solar cells to 
obtain the desired output voltage and output current for a specified 
application. 
Motivated by this purpose, an attempt of building a series connected mini-
modules was performed where the top electrode of the first sub-cell is 
monolithically connected to the bottom electrode of the next sub-cell and 
so on. Thereby, the output voltage of the module is directly proportional to 
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the number of cells connected in series while the output current is 
dependent on the active area. 
In the fabrication process, the blend layer was deposited both by spin 
coating and by blade coating. The first technique allows to obtain better 
and more reproducible results, but it is not suitable for large-scale 
production and involves the use of a large solution volume. Latter is a 
simple technique that allows to minimize the amount of blend solution but 
the low speed could lead to the aggregation or crystallization at high 
concentration of materials during the coating process. 
Fig. 4.5 displays the J-V characteristics and photograph of the solar mini-
modules depositing the active layer through spin or blade coating from 25 
mg/mL dichlorobenzene or chlorobenzene solution. A summary of the 
photovoltaic parameters of the reference single cells and mini-modules is 
reported in Tab. 4.2. 
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Fig. 4.5. J-V characteristics and photograph (as insert) of the solar mini-modules 
fabricated by using spin or blade coating for the active layer deposition from 25 
mg/mL dichlorobenzene or chlorobenzene solution. 
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Tab. 4.2. Photovoltaic device parameters of single solar cells (SC) and mini-
modules (MM) fabricated by using spin or blade coating for the active layer 
deposition from 25 mg/mL dichlorobenzene or chlorobenzene solution. 
  Deposition N°cell 
PCE 
(%) 
FF (%) 
JSC 
(mA/cm2) 
VOC 
(V) 
25 
mg/mL 
DCB 
SC 
Spin-
coating 
1 0.22 21 1.86 0.56 
MM 4 0.18 29 0.37 1.62 
SC 
Blade-
coating 
1 0.03 26 0.64 0.20 
MM 6 0.06 23 0.24 1.10 
25 
mg/mL 
CB 
SC 
Spin-
coating 
1 0.23 24 1.63 0.60 
MM 4 0.18 25 0.32 2.25 
SC 
Blade-
coating 
1 0.05 25 0.85 0.26 
MM 6 0.15 23 0.46 1.38 
In both the cases examined, the mini-modules did not work. The electrical 
parameters were very low. Notably, the VOC lacked the voltage of 
approximately 1-2 sub-cells. The module JSC was lower compared to the 
JSC of a single cell.  
It is known that in the series connected-modules the lowest JSC limits the 
overall current of module. The possible current variations can be caused by 
internal or external factors. Internal variations depend on large difference 
of thickness in the active layer or defects, while external variations can be 
due to different illumination conditions (i.e. shadowing effect). 
Laminated flexible polymer solar cells (PSCs) 
 
114 
 
Another important limitation on the functioning of a photovoltaic module 
is commonly related to the losses due to the resistance of the 
interconnecting area. 
In addition to these reasons, the poor performance of the ternary blend 
should be considered. 
4.3.3 Single laminated binary PSCs  
In order to understand the limiting factors inside the active layer, the role 
of IDFBR was investigated by fabricating laminated binary solar cells 
based on TQ1 and IDFBR. In particular, bulk and planar heterojunctions 
(BHJ and PHJ, respectively) were realized. 
Laminated BHJ binary solar cells were prepared by depositing the active 
layer through spin coating method from 25 mg/mL xylene blend solution 
and by testing the influence of different ETLs such as ZnO or 
polyethylenimine (PEI) on device performance. 
Fig. 4.6 show the comparison of absorption spectra of binary and ternary 
blend thin films and the J-V characteristics of laminated BHJ solar cells 
using different buffer layers (ETLs) and by varying their thicknesses. 
Tab. 4.3 summarizes the photovoltaic parameters for the BHJ solar cells. 
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Fig. 4.6. A) Absorption spectra of binary and ternary blend thin films; B) 
The J-V characteristics of laminated BHJ solar cells fabricated by varying ETL 
layer and thickness. 
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Tab. 4.3. Photovoltaic device parameters of laminated BHJ solar cells fabricated 
by varying ETL layer and thickness. 
ETL PCE (%) FF (%) JSC (mA/cm2) VOC (V) 
PEI 2500 rpm 0.08 20 0.47 0.85 
PEI 3000 rpm 0.13 23 0.56 1.01 
ZnO 2500 rpm 0.38 26 1.42 1.02 
ZnO 3000 rpm 0.35 34 1.16 0.90 
Note that the J-V curves recorded by device fabricated with PEI as ETL 
showed undesirable S-kinks in the fourth quadrant with inflection point 
located at VOC, resulting in very low PCE because of a significant reduction 
of fill factor (FF), even if the open circuit voltage (VOC) presented a high 
value (~ 1V). Moreover, it is possible to observe that the replacement of 
PEI with ZnO layer led to the suppression of S-kinks in the J-V 
characteristics showing an improvement of JSC value and an unchanged 
VOC. 
The S-shaped phenomenon is still unclear but several explanations have 
been hypothesized. In particular, the main reason could be the existence of 
energy barriers at the electrodes [12, 13, 14] or it could be due to 
misalignment of electrode work functions. [15, 16, 17] 
In this regard, two types of barriers can be distinguished: the extraction and 
injection barriers. The former implies that charges cannot leave the device 
due to a poor conductivity and/or a high energy barrier of interlayer and, in 
order to tackle this issue, the buffer layer should be more conductive and 
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thinner, or completely replacing it. On the other hand, the latter is related 
to misalignment of selective contact work function with active layer energy 
levels. [18] 
In order to obtain more information about the type of barrier, planar 
heterojunction (PHJ) solar cells characterized by different ETL interlayers 
and by varying their thicknesses were built.  
The J-V characteristics of laminated PHJ solar cells using different buffer 
layer (ETL) and by varying their thickness are depicted in Fig. 4.7. 
Tab. 4.4 shows the photovoltaic parameters for the PHJ solar cells. 
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Fig. 4.7. The J-V characteristics of laminated PHJ solar cells fabricated by varying 
ETL layer and thickness. A) PEI as ETL layer; B) ZnO as ETL layer. 
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Tab. 4.4. Photovoltaic device parameters of laminated PHJ solar cells fabricated 
by varying ETL layer and thickness. 
ETL 
Spin 
Speed 
(rpm) 
PCE (%) FF (%) 
JSC 
(mA/cm2) 
VOC (V) 
PEI 
2500 0.17 28 0.64 0.95 
3000 0.45 26 1.68 1.03 
3500 0.17 27 0.65 1.00 
4000 0.24 24 1.03 0.99 
ZnO 
2500 0.17 28 0.62 1.00 
3000 0.03 20 0.15 0.83 
3500 0.10 26 0.45 0.85 
4000 0.31 33 0.92 1.02 
Once again, it can see that the incorporation of PEI as an ETL interlayer 
had the effect of creating a barrier inside the device and that the variation 
of thicknesses did not involve changes on S-shaped J-V curves. On the 
contrary, the S-kink suppression occurred for thinner layers when ZnO is 
used as ETL. 
It is not easy to make a correct evaluation of the type of barrier, multiple 
factors and deeper characterizations should be considered. For instance, a 
direct method, useful for this purpose, could be to take into account the 
variation of thickness. [19] In particular, it has been shown that the donor 
or acceptor layer thickness can be correlated to injection barriers; on the 
Laminated flexible polymer solar cells (PSCs) 
 
120 
 
other hand, the interlayer (HTL or ETL) thickness can be associated to the 
extraction barrier.  
According to this method and the reported data, it is reasonable to suppose 
that the performance of laminated binary solar cells may have been affected 
by an extraction barrier where the ETL layer thickness represents a 
limitation of the probabilities for charge carriers to cross the interface 
barrier. [18] 
Summarizing, although both the ternary and the binary blends are optically 
promising thanks to an optimal match among materials absorption spectra, 
the devices were characterized by poor performance probably due to 
recombination phenomena or traps in the different layers or their interfaces. 
For a more fruitful understanding, further electrical and morphological 
investigations should be performed. 
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CHAPTER 5 
Hybrid Nanomaterials 
5.1 Introduction 
Nanoscience has gained a considerable resonance in the last decades 
attracting attention both from academia and industry. It is commonly 
defined as follows: 
“Nanoscience is the study of phenomena and manipulation of material at 
atomic, molecular and macromolecular scales, where properties differ 
significantly from those at a larger scale”. [1] 
In fact, unlike macroscopic materials, nanostructured materials have a high 
percentage of surface atoms which strongly influence the overall 
properties. Therefore, their reactivity, structures, electronic states will be 
different compared to the bulk materials. 
The great potentialities of nanomaterials can be useful for a widespread 
field of applications ranging from electronic devices, optics and photonics 
to biosensors, drug delivery, advanced catalysis, photovoltaics and energy 
conversion/ storage. 
There are two approaches in the field of nanotechnology: 
top-down approach (top-to-bottom): devices are fabricated from 
macroscopic materials through careful control of miniaturization processes 
at the atomic level; 
bottom-up approach: materials and devices are built via self-assembly of 
small building blocks in a fast and simple way, exploiting molecular 
recognition principles (supramolecular chemistry). 
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According to the ‘bottom-up’ concept, the block copolymers (BCPs) 
represent an interesting type of materials due to their ability to self-
assemble into highly ordered and thermodynamically stable nanostructures 
with controlled shapes and domain sizes. 
In particular, the possibility to control the phase separation, designing 
precise molecular architecture makes the BCPs as ideal tools for the 
fabrication of hybrid nanomaterials for solar cells where the domain sizes 
can be conveniently tuned on the length scale as the diffusion length of an 
exciton. 
Hybrid photovoltaics (PV) are part of third generation solar cells. In 
general, in hybrid solar cells an organic and an inorganic semiconductor 
material are combined in the active layer of the photovoltaic device. 
The second part of the present thesis was focused on the study of block 
copolymers in order to create tailored organic nanostructures where the 
precise incorporation of inorganic semiconductor nanoparticles (NPs) is 
driven by the structuration of the matrix (structure-guiding host 
nanocomposites). [2] The BCP approach is an effective way to prevent self-
aggregation of the nanoparticles, maximizing, at the same time, the surface 
area at the interface between the carriers of opposite charge in order to 
promote efficient exciton dissociation and charge transport processes. 
5.2 Block copolymer architecture and general principles 
As mentioned above, block copolymers (BCPs) have attracted a great 
interest in the field of nanotechnology [3, 4, 5, 6, 7, 8, 9, 10, 11] because 
of the capability to create self-assembly nanostructures having periodicity 
at nanometric scale. 
Block copolymers are macromolecules consisting of two or more 
homopolymer subunits (blocks) covalently bonded together to form 
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structures with linear architecture (di-, tri-, multiblock copolymers) o no 
linear (mixed arm, starblock, or graft copolymers) (Fig. 5.1). 
 
Fig. 5.1. Linear or not linear architectures of block copolymers.  
The thermodynamic incompatibility of polymeric blocks determines the 
phase separation where the different macromolecules are spontaneously 
segregated in different microdomains (Fig. 5.2). These microdomains are 
highly ordered in a periodic arrangement whose sizes are directly 
dependent on the lengths and, therefore, on the molecular masses of the 
polymer chains. [12] 
 
Fig. 5.2. Scheme of phase separated BCP. 
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This phenomenon is called "self-assembly" [13] and is due to the 
competition between the tendency to phase separation and the chemical 
connectivity between the polymeric chains forming, thus, periodic 
structures in order to minimize the contact between dissimilar blocks and, 
consequently, the free energy of the system. 
The resulting morphologies are typified by a pattern of chemically distinct 
domains of periodicity in the 10-100 nm range. 
5.3 Morfologies 
The simplest architecture is the linear AB diblock copolymer which is the 
result of the covalent linkage of two homopolymers.  
The common periodic morphologies are depicted in Fig. 5.3 A. 
 
 
 
A 
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Fig. 5.3. A) Equilibrium morphologies from diblock copolymers (BCP) self-
assembly. B) Theoretical phase diagram for linear AB diblock copolymers. Four 
equilibrium morphologies are predicted: spherical (S), cylindrical (C), gyroid (G), 
and lamellar (L), depending on the composition fA and combination parameter χ 
N. χ is the Flory-Huggins interaction parameter and N is the degree of 
polymerization. [14] 
The fundamental variables, useful to define resulting morphology and, 
thus, the self-assembly dynamics of BCP materials, are: 
• the block volume fractions (fA and fB, where fA + fB = 1) dependent 
on the relative length of the blocks. [15, 16] In particular, fA is given 
by the ratio between NA and N, where NA is the number of A 
monomers per molecule and N is the degree of polymerization. 
• the polymer-polymer interaction parameter, known as Flory-
Huggins χ, where the χ value quantifies the relative incompatibility 
between the polymer blocks and is inversely related to the 
temperature of the system. [17] 
The possible morphologies are bodycentered cubic A spheres in a B matrix 
(spheres, S), hexagonally packed A cylinders in a B matrix (cylinders, C), 
bicontinuous gyroid (gyroid, G), and lamellae (L) and they are strictly 
B 
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dependent on the total block length, the composition of the blocks and the 
strength of interaction between the blocks. 
These four theoretical equilibrium morphologies can be mapped out on a 
phase diagram, as reported in Fig. 5.3 B [18]. It shows the relationship of 
χ.N versus f. Note that the phase segregation only takes place when the 
product χN exceeds some critical values; this event is known as order-
disorder transition (ODT). 
In particular, at low concentrations of A monomer, where fA << fB, the A 
blocks form spherical microdomains in a matrix of B (S). Increasing the 
volume fraction to fA < fB leads to an increase in the connectivity of the 
microdomains, triggering the spheres to coalesce into cylinders that arrange 
on a hexagonal lattice (C). A roughly equal amount of both A and B blocks 
(fA ~ fB) will result in the formation of alternating layered sheets, or 
lamellae, of the A and B blocks (L). Any further increase in fA (fA > fB), 
will cause the phases to invert, which means that the B block forms the 
microdomains in the matrix of A.  
Therefore, by tuning the relative amount of A and the properties of each 
block (length and, consequently, the molecular masses), it is possible to 
control the dimensions of the microdomains and to create useful structures 
similar to those of crystalline materials, with the strong difference that the 
dimensions of the repetitive units and the periodicity are not of the order of 
angstrom, as in the crystals, but of nanometers. 
For these reasons, the block copolymers represent an extremely versatile 
class of materials for a wide variety of applications. 
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5.4 Orientation of block copolymer morphologies on 
long range scale 
The most practical applications of self-assembled block copolymers 
generally rely on thin film preparation to create a surface pattern on 
appropriate substrate for the realization of functional nanoscale devices.  
However, the formation of equilibrium morphologies in diblock 
copolymers thin films depends on a delicate balance of many variables such 
as molecular weights, polydispersity, composition, the selectivity of the 
solvent for one block, surface interfacial interactions, and the interplay 
between structure periodicity and film thickness (optimal values usually 
are in the nanometric range).  
All these variables can cause significant deviations from the predicted 
phases in the bulk state. Therefore, in order to achieve a perfectly ordered 
morphology, it is necessary a spatial and orientational control of BCP 
nanodomains. A long-range alignment of nanostructures can be obtained 
using different strategies, that can be classified into three different 
approaches. [19] 
• Control of orientation by applying external fields, such as electric 
[20, 21], magnetic, thermal [22], mechanical [23, 24] and solvent 
evaporation [25, 18, 26]. 
• Modulation of substrate and surface interactions as a result of: 
preferential interaction of one block with the surface, neutralization 
of attractions to the substrate or to the surface [27, 28], epitaxial 
crystallization of domains onto a crystalline substrate, directional 
eutectic crystallization of a BC solvent, graphoepitaxy and 2-D 
geometric confinements. 
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• Induction of large-area ordering by facilitating the self-assembly, 
generally of thin films, using templates either topographically or 
chemically nanopatterned [29, 30]. 
The main methods used in the present work thesis will be described in the 
following sections. 
5.4.1 Thermal annealing process 
Thermal annealing is very simple and convenient process to favor the long-
range orientation of BCP microdomains. It may anneal defects present in 
the samples reducing the interfacial tension between the two blocks and 
increasing the polymer mobility. The latter one is a relevant aspect 
especially for block copolymers containing a glassy block at room 
temperature such as polystyrene (PS). [31] 
The treatment consists of controlled heating at a certain temperature (above 
the glass transition temperature (Tg) of the constituent blocks), preferably 
in an inert atmosphere or under vacuum, for a specific time. 
Hashimoto et al. first applied zone annealing on BCPs thin films in order 
to create “defect free” samples with long-range order. [32, 33, 34]  
Two different methods have been developed for orienting diblock 
copolymer: 
• the Hot Zone Annealing (HZA): the sample is zone annealed above the 
order-disorder transition temperature TODT. The main drawback is that, 
for polymers with high molecular weights, the TODT usually has high 
value and it is not always accessible; 
• the Cold Zone Annealing (CZA): this technique can be very efficient in 
enhancing the ordering kinetics in a BCP thin film using as maximum 
temperature a value larger than Tg but lower than TODT. [35] 
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5.4.2 Solvent vapor annealing (SVA) 
Another approach to produce a long-range ordered film in amorphous and 
crystalline block copolymers is the solvent vapor annealing (SVA). 
In this procedure, the order is produced by exposure the block copolymer 
film to vapors of one or more solvents in a sealed vessel. 
Basically, the as-prepared BCP thin films are characterized by 
nonequilibrium, disorganized, and undefined structures. In order to control 
of the orientation of the microdomains in the microstructure of the BCPs, 
the mobility of the polymer chains has to be sufficient to allow for structural 
reorganization. In SVA process, the exposure and the subsequent solvent 
evaporation guarantee the proper polymer chains mobility forming more 
well-organized nanostructures.  
Turturro et al [25] reported the first observation of lamellar and cylindrical 
microdomains in thin films perpendicular to the surface as a result of 
solvent evaporation and further investigated in more detail by Kim and 
Libera for a similar triblock copolymer. [18, 26] 
They demonstrated that a perpendicular orientation of cylinders can be 
obtained for sufficiently high solvent evaporation rates. The choice of the 
solvent for SVA is critical, in particular, it should be a good solvent for 
both blocks, and that one block only is below its glass transition 
temperature at room temperature. It was noted that as the solvent 
evaporates, a concentration gradient front propagates through the film and 
the system passes through a disorder-order transition. The structure formed 
can be trapped if one block goes through its glass transition. A schematic 
representation of the proposed mechanism is reported in Fig. 5.4. 
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Fig. 5.4. Schematic of the solvent evaporation in a diblock copolymer thin film 
[36]. The diffusion produces a gradient in the concentration of the solvent, [S], as 
a function of depth, d, which induces an ordering front from the film surface to 
the substrate. 
When there is the decrease in the solvent concentration, the BCP undergoes 
a transition from the disordered to the ordered state and, as the diffusion of 
the solvent produces a gradient of concentration along the thickness of the 
thin film, the ordering front rapidly propagates from the air surface to the 
substrate. The consequent decrease of Tg below room temperature, for at 
least one block, locks in the structures, which, due to the high directionality 
of the solvent gradient, are highly oriented normal to the surface. This 
behavior has been reported so far for films with thickness less than one-
half micron, as for instance in the case of PS-PB systems, [25, 36] 
poly(styrene)-b-poly(ethylene oxide) (PS-b-PEO) [37, 38] poly(styrene)-
b-poly(ferrocenyldimethylsilane) (PS-b-PFS). [39] However this 
mechanism holds to any BCPs having the Tg of one block above room 
temperature.  
If both blocks are glassy, as in poly(styrene)-b-poly(methyl methacrylate) 
(PS-b-PMMA) diblocks, this effect is not observed. [18] [26] 
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5.4.3 Specific surface interactions 
The alignment pathways in the microstructure of the BCP thin films can be 
obtained through the control of interactions between the BCP and the 
substrate. [19, 40] 
The simplest interaction of a BCP film deposited on a substrate is the 
preferential wetting of one block at an interface to minimize interfacial and 
surface energies. As a consequence, a parallel orientation of microdomains, 
lamellae and cylinders is often induced at the interface and this orientation 
tends to propagate throughout the entire film. [41, 42, 43, 44, 45, 46, 47, 
48, 49, 50] [51, 52, 53] The microstructure can be altered by variation of 
the film thickness on the substrate and preferential interactions of blocks 
with the substrate. [51, 52] Symmetric boundary conditions are established 
when one of the blocks preferentially interacts with both the substrate and 
the air surface, [47] while asymmetric conditions pertain when one block 
is preferentially wetted by the substrate and the other block by the 
superstrate. The control of orientation of the microdomains can also be 
achieved by confining a BCP between two surfaces; that is, adding a 
superstrate to a BCP film supported on a substrate. [54, 55, 56, 57] Strong 
or weak interactions of BCPs with the surfaces can be created by coating 
the surface walls with a homopolymer or a random copolymer, 
respectively, containing the same chemical species as the confined BCP. 
[56] In the case of a neutral surface, for example, by using a random 
copolymer, the lamellar microdomains rearrange themselves so that the 
direction of periodicity is parallel to the substrate. [56] [58, 59, 60] 
Moreover, decreasing the confined film thickness – that is, creating a large 
incompatibility strain of the natural domain period of the BC and the film 
thickness – induces a heterogeneous in - plane structure where both parallel 
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and perpendicular lamellae are located near the confining substrate. [57] 
Various theoretical studies have predicted the structural behavior of BCP 
thin films in a confined geometry [61, 62, 63, 64, 65, 66, 67, 68, 69, 70] 
and are basically consistent with experimental results. 
5.5 Applications of block copolymers 
Over the last few years, the block copolymers have gained a considerable 
importance for their potential applications in advanced technologies, such 
as information storage, drug delivery, photonic crystals, etc. (Fig. 5.5) 
The scientific and industrial interest derives from the BCPs ability to self-
assemble, in bulk or in thin films, into ordered nanostructures, with sizes 
in the nanometric range. By tuning the molecular weight, chemical 
structure, molecular architecture, and composition of block copolymers, 
the characteristics of these nanostructures can be manipulated. 
 
Fig. 5.5. Schematic representation of nanotechnologies enabled with BCPs. [3] 
The promising role of ordered BCP morphology for photovoltaic 
applications was demonstrated in ref [71] by Cohen et al., where CdS 
nanoparticles (NPs) were included in both a microphase-separated and non-
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microphase-separated triblock copolymer consisting of a polynorbornene 
block with pendent hole-transporting carbazole groups, a short mid-block 
capable of binding semiconductor NPs, and a polynorbornene block 
functionalized with electron-transporting groups. It was shown that the 
selective inclusion of CdS NPs in the middle block domains of the 
microphase separated morphology enhances the performance of the 
photovoltaic device. Furthermore, it was also demonstrated that energy 
transfer from carbazole moieties present in one block of the BCP could be 
transferred to CdS NPs sequestered in the middle block, indicating that the 
nanostructured polymeric substrate can be successfully used to tune 
energy-transfer processes. [71, 72]  
Moreover, lamellar-forming poly(styrene)-b-poly(methyl methacrylate) 
(PS-b-PMMA) copolymer was successfully used to selectively sequester 
and confine different surface-functionalized inorganic nanoparticles and 
nanorods (NRs) in lamellar PMMA domains, such as poly(methyl 
methacrylate) (PMMA)grafted magnetite (FeO4) NPs [73] and gold NRs 
modified with a poly(ethylene glycol) (PEG) brush. [74] 
The following sections will focus mainly on two specific 
nanotechnological strategies enabled with BCPs thin films to pursue the 
purpose of thesis: the use of BCPs as tool to obtain composites with 
selective inclusion of n-type ZnO NPs into a specific polymer block and, 
at same time, the fabrication of nanoporous templates, through the selective 
removal of sacrificial polymer block from self-assembled matrix, to favor 
the incorporation of p-type CdSe NPs. 
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5.5.1 Block copolymer-based nanocomposites 
The nanocomposites are a class of composite materials constituted by a 
polymer matrix and nanoparticles, called nanofillers.  
The term nanoparticle usually is referred to a particle formed by atomic or 
molecular aggregates with a diameter on the scale of nanometers. 
Generally, the composites are not characterized by any significant 
interaction at the interface between the polymer and the filler limiting, thus, 
the performance of the resulting material. 
On the other hand, in the nanocomposites the nanoparticles will be 
characterized by extremely large surface/volume ratios and it means that 
there will be a strong enhancement in surface effects with subsequent 
advantages in terms of unique electronic, optical and catalytic properties; 
this phenomenon is known as nanoeffect. [75, 76]  
Many methods for the fabrication of nanomaterials have been proposed, 
mainly to meet the demand of microelectronic industries, ranging from 
milling techniques to non-traditional photolithographic and chemical 
methods, with a strong prevalence of methods based on template synthesis. 
Effective fabrication of a two-dimensional array of nanoparticles on solid 
substrates has been demonstrated by the utilization of block copolymers 
(BCPs) in a self-assembled arrangement. [2] 
Nanodomains of self-assembled BCPs may act as hosts for sequestering 
nanofillers producing nanocomposites with different morphologies [2] (Fig 
5.6). The size and shape of the NPs containing nanodomains may be 
conveniently tuned by changing the molecular weights and compositions 
of the BCPs. [77, 78] 
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Fig. 5.6. Nanodomains generated from BCPs (lamellae, gyroid, cylinders or 
spheres) may act as hosts for sequestering guest nanoparticles (NPs), to obtain 
nanocomposites where the distribution of the NPs is guided by the ordering of the 
BCP matrix. 
Usually, two synthetic approaches are used for the preparation of 
nanocomposites based on BCP matrix:  
a) ex-situ synthesis of nanoparticles that are surface-tailored in order to 
allow preferential sequestering within a target domain of the BCP matrix; 
b) in-situ synthesis of inorganic particles within a BCP domain that is 
preloaded with a suitable precursor, generally a salt of a metal. 
The employment of nanostructures from block copolymers is one of the 
most promising ways to locate nanoparticles in a controlled way on solid 
substrates. The key for the engineering of these materials is the ability to 
control the final morphology of BCP nanostructures and to achieve a 
selective infiltration of nanoparticles in the target nanodomains. The 
possible outlooks linked to the development of such materials depend 
strictly on the kind of new proprieties that could emerge from the presence 
of long-range order of the nanoparticles, taking advantage of both the 
physical properties of the polymeric matrix and the nanospecific 
characteristics of the added component. 
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5.5.2 Block copolymer-based nanoporous materials 
Another simple, flexible and highly versatile approach to fabricate hybrid 
nanocomposites is represented by the possibility to create nanoporous 
matrices where the semiconductor nanoparticles are selectively backfilled. 
In this regard, diblock copolymers are promising and useful materials. [79] 
In fact, by using BCP-based nanostructures, one polymeric component can 
be selectively removed (etched) and, thus, a large variety of nanoporous 
organic materials can be obtained (Fig. 5.7). 
 
Fig. 5.7. Nanoporous materials can be generated by selective removal of one 
component (etching) from a self-assembled block copolymer. The resulting 
porous material will exhibit the pore size and pore topology of their parent 
structures. 
There are two key requirements for preparing nanoporous materials from 
ordered block copolymers:  
a) the etchable polymeric block must be physically accessible to the 
solvent, reagent, process utilized for degradation;  
b) the matrix material must be able to support the resultant nanoporous 
structure.  
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Significant examples of BCP-based nanoporous materials were reported by 
Hashimoto et al. [80]. They studied a blend constituted by a poly(styrene)-
b-poly(isoprene) (PS-b-PI) copolymer and an homopolymer (polystyrene). 
The role of the homopolymer was of tuning the volume fraction of 
polystyrene, thus obtaining the desired microstructure, that is the gyroid 
phase.  
 
Fig. 5.8. Nanoporous membrane from an etched BCP gyroid structure. SEM 
micrographs showing a bicontinuous nanochannel in the matrix of PS with two 
different magnifications (parts a and b) and computer graphics of the double 
gyroid network (c) a three-dimensional view and (d) a two-dimensional 
intersection cut along the [211] direction. [80] 
Then, the ozonolysis treatment was applied to remove the polyisoprene 
domains from the obtained nanostructure leading to the formation of a 
three-dimensionally porous continuous material. (Fig. 5.8) The symmetry 
of the precursor material was nearly identical to the resultant porous 
material.  
Another literature example [81] concerns the control of the feature pores 
size by varying BCP molecular weight, as shown in Fig. 5.9.  
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Fig. 5.9. SEM image of nanoporous PS materials resulting after the selectively 
removal of PMMA phase from a 67 kg mol-1 (a) and 132 kg mol-1 (b) PS-b-PMMA 
thin film. (c) pore diameter histograms. [81] 
In particular, it was investigated the effect of block copolymer molecular 
weight on the porous structure resulting from the selective etching of a 
cylinder-forming PMMA phase in an ordered BCP matrix based on 
poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA). Using a block 
copolymer of higher molecular weight (from 67 kg mol-1 to 132 kg mol-1), 
it was shown a variation in the pores dimension of about 10 nm (Fig. 5.9c). 
The ability to control and to manipulate the design and synthesis of 
nanoporous materials allows to use BCPs as host matrix for the selective 
inclusion of NPs in specific nanodomains according to well-defined 
geometries. Different strategies have been investigated to introduce the 
NPs into nanoporous template in a facile way. 
Spin coating inorganic nanoparticles is an attractive approach for 
generating functional features in the nanomaterials. 
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Darling et al. [82] demonstrated a novel route for the infiltration of 
magnetic FePt nanoparticles on vacuum ultraviolet etched PMMA half-
cylinder domains in PS-b-PMMA system (Fig. 5.10). The etched PMMA 
domains provided a porous matrix for the selective incorporation of 
functionalized FePt nanoparticles. 
 
Fig. 5.10. A) and C) schematic representations of PS-b-PMMA films before and 
after vacuum ultraviolet (VUV) irradiation for selective etching of the surface 
PMMA half-cylinders; B) and D) are corresponding AFM images. Following 
spin-coating method for selective inclusion of FePt nanoparticles into 
photochemically altered PMMA domains: low coverage (E) and high coverage 
(F) areas of nanoparticle clusters into PMMA nanochannels. [82] 
5.6 Materials 
5.6.1 BCP samples 
In this PhD thesis block copolymers samples were employed as templating 
agent for the subsequent addition of the inorganic material. In particular, 
two type of block copolymers with lamellar morphology were used. They 
are poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) and 
poly(styrene)-b-poly(4-vinylpiridine) (PS-b-P4VP). Both samples were 
purchased from the Polymer Source Inc.  
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5.6.1.1 PS-b-PMMA 
The BCP sample presents amorphous blocks of polystyrene (PS) and 
polymethylmethacrylate (PMMA). The main characteristics are reported in 
Tab. 5.1. 
Tab. 5.1. Number average molecular weight (Mn) and polydispersity index of the 
molecular masses (PDI = Mw/Mn). 
BCP 
Mn (PS-b-PMMA) 
(kDa)a 
Mw/Mna fPS (%) Morphology 
PS-b-
PMMA 
25.0/26.0 1.06 52 Lamellar 
a) Obtained by SEC analysis 
The chemical structure is depicted in Fig. 5.11: 
 
Fig. 5.11. Structure of the diblock copolymer PS-b-PMMA. 
Poly(styrene)-b-poly(methylmethacrylate) is prepared by living anionic 
polymerization. Living anionic polymerization was early described and 
illustrated by Szwarc and co-workers in 1956. [83] Their initial work was 
based on the polymerization of styrene and dienes. The polymerization 
proceeds through the highly reactive carbanion chain end, usually created 
by an alkyl lithium initiator such as sec-BuLi or n-BuLi. Due to the high 
reactivity of the chain end with other compounds, extremely stringent 
conditions must be met in order to avoid unwanted side reactions. In some 
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cases, such as the polymerization of acrylates, the reactions must be carried 
out at very low temperatures (−78 °C) in order to avoid terminating side 
reactions such as intrachain cyclization or “backbiting”, caused by the 
reaction of the anionic center with a carbonyl group on the monomer. 
Living anionic polymerization, especially alkyllithium initiated 
polymerizations, provides convenient and reliable procedures for synthesis 
of well-defined block copolymers with controlled molecular weight, 
narrow molecular weight distribution and low degrees of compositional 
heterogeneity. Poly(styrene)-b-poly(methylmethacrylate) is generally 
synthesized in THF at –78 °C using sec. BuLi initiator in the presence of 
LiCl. Polystyrene macroanions were end capped with a unit of diphenyl 
ethylene (DPE) before adding methylmethacrylate (MMA) monomer. The 
molecular weight and polydispersity index (PDI) of the block copolymer 
were characterized by size exclusion chromatography (SEC). The polymer 
is soluble in THF, CHCl3, toluene, dioxane. 
5.6.1.2 PS-b-P4VP 
PS-b-P4VP is an amorphous and amphiphilic diblock copolymer. The main 
characteristics are reported in Tab. 5.2. 
Tab. 5.2. Number average molecular weight (Mn) and polydispersity index of the 
molecular masses (PDI = Mw/Mn). 
BCP 
Mn (PS-b-P4VP) 
(kDa)a 
Mw/Mna fPS (%) Morphology 
PS-b-P4VP 22.5/29.0 1.2 61 Lamellar 
a) Obtained by SEC analysis 
The chemical structure is displayed in Fig. 5.12: 
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Fig. 5.12. Structure of the diblock copolymer PS-b-P4VP. 
Generally, poly(styrene)-b-poly(4-vinylpiridine) is prepared by living 
anionic polymerization in THF or THF–DMF solvent mixtures at –78°C. 
Polystyrene macroanions were end capped with a unit of diphenyl ethylene 
(DPE) before adding 4-vinylpyridine (4VP) monomer. Copolymer PDI is 
determined by SEC. 
The polymer is soluble in DMF, CHCl3 but also in THF depending on its 
chemical composition. 
5.6.2 Nanoparticles (NPs) 
Semiconductor nanoparticles, also known as quantum dots, are a promising 
alternative to traditional semiconductors as the light harvesting element in 
a photovoltaic device, due to several advantageous properties for the 
conversion of solar light into energy.  
The quantum dots exhibit the so-called quantum confinement. This effect 
is essentially due to a change of electronic and optical properties when the 
material is of sufficiently small size, typically 10 nanometers or less. As the 
size decreases a blue shift of the bandgap appears. If the size approaches a 
critical quantum measurement, called the exciton Bohr radius, the particle 
becomes more like an atom, its energy levels becoming discrete rather than 
forming continuous bands (Fig. 5.13). As result of the quantum 
confinement, due to the increasing in the bandgap, the onset of the optical 
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absorption and the maximum of the emission spectra are shifted to higher 
energies with decreasing the size of the nanoparticles. [84, 85, 86] 
 
Fig. 5.13. Schematic representation of the discrete energy level diagram of a 
quantum dot compared to band energy diagram of a bulk semiconductor. 
In the present PhD activity, the used inorganic components were the zinc 
oxide (ZnO) NPs covered with a mixture of n-hexadecylamine (HDA) and 
tert-butylphosphonic acid (TBPA) as n-type semiconductor and the 
cadmium selenide (CdSe) NPs capped by 2-mercaptoethanol as p-type 
semiconductor material. These functional groups were selected to favor the 
selective inclusion in nanodomains of the BCP-based nanocomposites, due 
to the chemical affinity. 
5.6.2.1 ZnO nanoparticles 
ZnO is an attractive material for short wavelength optoelectronic 
applications owing to its wide band gap 3.37 eV, large bond strength, and 
large exciton binding energy (60 meV) at room temperature. As a wide 
band gap material, ZnO is used in solid state blue to ultraviolet (UV) 
optoelectronics, including laser developments. In addition, due to its non-
centrosymmetric crystallographic phase, ZnO shows the piezoelectric 
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property, which is highly useful for the fabrication of devices, such as 
electromagnetic coupled sensors and actuators. [87] 
Crystalline ZnO has a wurtzite (B4) crystal structure at ambient conditions. 
The ZnO wurtzite structure has a hexagonal unit cell and belongs to the 
space group of P63mc. Fig. 5.14 clearly shows that the structure is 
composed of two interpenetrating hexagonal closed packed (hcp) 
sublattices, in which each consist of one type of atom (Zn or O) displaced 
with respect to each other along the threefold c-axis. It can be simply 
explained schematically as a number of alternating planes stacked layer-
by-layer along the c-axis direction and composed of tetrahedrally 
coordinated Zn2+ and O2−. The tetrahedral coordination of ZnO gives rise 
to the non-centrosymmetric structure. In wurtzite hexagonal ZnO, each 
anion is surrounded by four cations at the corners of the tetrahedron, which 
shows the tetrahedral coordination and hence exhibits the sp3 covalent-
bonding. The detailed properties of ZnO are presented in Tab. 5.3. 
 
Fig. 5.14 The hexagonal wurtzite structure model of ZnO. The tetrahedral 
coordination of Zn-O is shown. O atoms are shown as larger white spheres while 
the Zn atoms are smaller dark grey spheres. 
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Tab. 5.3. Physical properties of wurtzite ZnO. 
Properties ZnO 
Lattice parameters at 300 K  
a0 (nm) 0.325 
c0 (nm) 0.521 
c0/a0 1.602 (1.633*) 
Density (g/cm3) 5.606 
Stable phase at 300 K Wurtzite 
Melting point (°C) 1975 
Thermal conductivity (Wcm−1K−1) 0.6, 1-1.2 
Refractive index (nD) 2.008 
Band gap (RT) 3.370 eV 
Exciton binding energy (meV) 60 
Electron effective mass 0.24 
Electron Hall mobility at 300 K 
(cm2/Vs) 
200 
Hole effective mass 0.59 
Hole Hall mobility at 300 K 
(cm2/Vs) 
5-50 
*The value in parenthesis reflects the ideal ratio c0/a0 for a perfectly ideal 
hexagonal packing of O species. 
In the present thesis and in the collaboration with CNR (National Research 
Centre) of Bari (Italy), ZnO nanocrystals were synthetized by the thermal 
decomposition of zinc acetate (ZnAc2) in a high-temperature coordinating 
mixture of a long-chain alkylamine (n-hexadecylamine, HDA) and tert-
butylphosphonic acid (TBPA). The variation of the TBPA/ZnAc2 molar 
ratio allows the tuning of the nanocrystal size in the range 2-7 nm. In this 
method, the addition of the phosphonic acid is important in relation to its 
effectiveness in directing ZnO crystal growth in the quantum confinement 
regime. The role of the surface in the emission properties of the 
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nanoparticles and the stability of amine/TBPA-coated ZnO nanocrystals 
are also important. 
ZnO nanocrystals were directly grown in alkylamine by slowly heating the 
reaction mixture to high temperatures according to the following 
procedure: a mixture of ZnAc2, HDA, and TBPA, with TBPA/ZnAc2 molar 
ratio fixed equal to ∼0.6, was degassed under vacuum for 1 h at 110°C 
under vigorous stirring. Then, the reaction vessel was slowly heated up to 
300 °C under nitrogen flow to induce the decomposition of ZnAc2. Heating 
was stopped when the solution became cloudy and the temperature was 
dropped down to 80°C. The NPs were collected from the reaction mixture 
in air by addition of methanol (non solvent) to the reaction mixture at 50°C. 
The resulting precipitate was isolated by centrifugation and was washed 
twice with methanol to remove residual surfactants. The surfactant (i.e., 
HDA/TBPA) coated ZnO nanoparticles was, then, easily dissolved in 
toluene to give optically clear solutions. 
5.6.2.2 CdSe nanoparticles  
The cadmium selenide (CdSe) presents three crystalline forms: sphalerite, 
wurtzite and rock salt. 
The structure of the sphalerite is unstable and turns into wurtzite through a 
thermal transition that starts at T ~130 °C and is completed at T ~700°C. 
The salt rock form, on the other hand, is observed only at high pressures. 
The most stable structure under standard conditions is the wurtzite type. It 
belongs to the space group P63mc and is characterized by a hexagonal unit 
cell consisting of Se2- and Cd2+. In particular, each anion is surrounded by 
four cations, arranged at the vertices of a tetrahedron and vice versa (Fig. 
5.15). 
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Tab. 5.4 summarizes some characteristic parameters of the crystalline 
structure. 
 
Fig. 5.15 The hexagonal wurtzite structure model of CdSe. The tetrahedral 
coordination of Zn-O is shown. Cd atoms are shown as larger yellow spheres 
while the Se atoms are smaller grey spheres. 
Tab. 5.4. Physical properties of wurtzite CdSe. 
Properties CdSe 
Lattice parameters at 300 K  
a0 (nm) 0.431 
c0 (nm) 0.702 
c0/a0 0.163 
Density (g/cm3) 5.81 
Stable phase at 300 K Wurtzite 
Melting point (°C) 1268 
Thermal conductivity (Wcm−1K−1) 0.09 
Refractive index (nD) 2.5 
Band gap (RT) 1.714 eV 
Exciton binding energy (meV) 15 
Electron effective mass mn = 0.12 m0 
Hole Hall mobility at 300 K (cm2/Vs) 40 
The synthesis of Cadmium Selenide nanocrystals (CdSe) was based on 
thermal decomposition of organometallic precursors at high temperatures 
in the presence of three different coordinating agents: triottylphosphine 
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oxide (TOPO), tert-butylphosphonic acid (TBPA) and n-hexadecylamine 
(HDA). Subsequently, a process of exchange of ligands with 2-
mercaptoethanol (ME) was carried out to functionalize, in this way, the 
surface of the nanoparticles. Finally, the NPs were suspended in two 
different organic solvents such as dimethylsulfoxide (DMSO) and 
dimethylformamide (DMF). 
5.7 Methods 
5.7.1 Structural and thermal analyses 
5.7.1.1 Wide angle X-ray scattering (WAXS) 
X-rays diffraction patterns of the analyzed samples were obtained by a 
Philips automatic powder diffractometer, using the Cu Kα (nickel-filtered) 
radiation. The diffraction patterns were registered scanning continuously 
the diffraction angle 2θ at a rate of 0.1°(Δ2θ)/10s (Δt). 
5.7.1.2 Thermal analysis 
Thermal analysis was performed by differential scanning calorimetry 
(DSC), in order to detect the glass transition temperature. DSC Mettler-822 
calorimeter was used with the intra cooler system. Few milligrams of the 
sample were thermally scanned, under nitrogen flow, in an appropriate 
temperature range. The sample was first heated to a temperature above its 
melting point, then quenched and finally heated once again until melting. 
From the DSC curves of the thermal cycle, the temperature of first heating, 
crystallization and second heating were obtained. The sample was heated 
at a constant rate of 10°C/min. 
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5.7.2 Morphological analysis 
5.7.2.1 Transmission electron microscopy (TEM) 
The transmission electron microscope (TEM) is a very powerful tool for 
material science. 
It works on the same basic principles as the optical microscope with the 
key difference that it uses electrons instead of light. Because the 
wavelength of electrons is much smaller (0.03 Å) than that of light (λ> 1000 
Å), an optimal resolution, higher of many orders of magnitude than that 
from a light microscope, is obtained for TEM images. 
A schematic representation of a transmission electron microscope TEM is 
shown in Fig. 5.16. 
 
Fig. 5.16. Schematic Representation of a transmission electron microscope 
(TEM). 
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During TEM analysis, the electrons are generated by an emission gun using 
a high electrostatic field, which results in high source brightness and a 
coherent beam with a small energy spread. The electron beam is accelerated 
up to 200 keV and travels through a complex series of electromagnetic lens 
that allow to adjust the path of the deflected electrons in direction of the 
main axis of the electron beam under high-vacuum. The interaction 
between the electrons and the thin specimen produces the scattering or 
transmission events. The image is reconstructed in the image plane of the 
objective lens onto the fluorescent viewing screen, an electron sensitive 
film or a CCD camera. In this way, it is possible to obtain all the structural 
information of the sample.  
The thickness of the sample plays a key role. In fact, it should be ultra-thin 
(from 5 to 500 nm) since the electrons have to be efficiently transmitted 
through the specimen.  
In this PhD activity, thin films of samples were backed with a carbon film, 
floated off on water with the help of a poly(acrylic acid) backing, mounted 
on copper grids and analysed by TEM. Grids (200 mesh copper grips 
purchased from Aldrich) underwent to a staining process with RuO4 in 
order to increase the overall contrast among the areas in the sample 
characterized by different density or thickness. This process consists in 
exposing the grids to vapors originated from an aqueous solution of RuO4. 
The preparation of the solution of RuO4 consists of dissolving in a flask at 
room temperature 1g of sodium periodate (NaIO4) in 25 mL of distilled 
water. The solution changes from transparent to whitish and is placed in a 
water/ice bath to lower the solution temperature to 1-5°C. Once that this 
temperature is reached 0.15 g of ruthenium oxide (RuO4) are added to the 
solution. Finally, the flask containing the solution is removed from the 
water/ice bath and stirred avoiding light exposure for about 3-4 hours. TEM 
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images have been obtained by a Philips EM 208S microscope operating at 
a voltage of 100kV (point resolution of 0.3 nm) available at C.I.S.M.E. 
(Centro Interdipartimentale di Servizio per la Microscopia Elettronica) and 
by using FEI TECNAI G2 microscope operating at a voltage of 200 kV 
available at Chemical Sciences Department of the University of Naples 
“Federico II”. 
5.7.2.2 Atomic Force Microscopy (AFM) 
Atomic Force microscopy (AFM) is one of the most versatile forms of 
microscopy for the characterization of physical properties such as 
morphology, [88] electrical, [89] mechanical, [90] magnetic, [91, 92] 
electrochemical, [93] and many other properties at the nanoscale. AFM 
uniquely offers higher resolution imaging capabilities owing to piconewton 
force sensitivity and nanometer positional accuracy. [94, 95] 
In the AFM, the sample surface is scanned with a probe consisting of a 
sharp nanometer-sized probe situated at the end of a cantilever. The latter 
one is typically silicon or silicon nitride with a tip radius of curvature on 
the order of nanometers. When the tip is brought into proximity of a sample 
surface, forces between the tip and the sample lead to a deflection of the 
cantilever according to Hooke's law.  
In Fig. 5.17 the AFM representation is reported. Typically, a laser beam 
focused on the cantilever is reflected onto a four-quadrant photodetector 
with the pairs of sectors arranged to detect bending deflection, bending 
oscillation, and torsion of the cantilever. Additionally, a piezoelectric 
scanner controls sub-nanometer movements in the x, y, and z dimensions, 
then images are compiled line-by-line as the sample is raster scanned 
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Fig. 5.17. Schematic Representation of an Atomic Force microscopy (AFM). [96] 
The AFM analysis can be operated in a number of modes, depending on 
the application. In general, possible imaging modes are divided into static 
(also called contact) modes and a variety of dynamic (non-contact or 
"tapping") modes where the cantilever is vibrated. The AFM images 
reported in this PhD thesis were obtained at room temperature by a Bruker 
MultiMode 8 microscope and were performed in tapping mode. 
Silicon probes having a tip nominal radius of curvature of 8 nm, with a 
force constant of 42 N/m were used. The resonance frequency was about 
320 kHz with a scan rate of 1 Hz s-1. The sample line was 256 or 512. In 
tapping mode, the tip of the cantilever does not contact the sample surface. 
The cantilever is instead oscillated at a frequency slightly above its 
resonant frequency where the amplitude of oscillation is typically a few 
nanometers (<10 nm). The van der Waals forces, which are strongest from 
1 nm to 10 nm above the surface, or any other long-range force which 
extends above the surface acts to decrease the resonance frequency of the 
cantilever. This decrease in resonant frequency combined with the 
feedback loop system maintains a constant oscillation amplitude or 
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frequency by adjusting the average tip-to-sample distance. Measuring the 
tip-to-sample distance at each (x, y) data point allows the scanning software 
to construct a topographic image of the sample surface. Non-contact mode 
AFM does not suffer from tip or sample degradation effects that are 
sometimes observed after taking numerous scans with contact AFM. This 
makes non-contact AFM preferable to contact AFM for measuring soft 
samples. 
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CHAPTER 6 
Hybrid Nanomaterials: Experimental Section 
6.1 Introduction 
Over the last years, hybrid photovoltaics (PV) have attracted significant 
interest thanks to the possibility to form efficient heterojunction combining 
inorganic semiconductors and organic compounds taking, in this way, 
advantages of both materials.  
In particular, the typical features of an inorganic semiconductor are the high 
carrier mobility and the more environmentally stability and tunability of 
absorption spectra. On the other hand, the presence of the organic 
component in hybrid solar cells leads to other important advantages in 
terms of cost efficiency, scalable wet processing, the variety of organic 
materials, light weight, and flexibility. 
Therefore, a good combination of different components, having the 
aforementioned properties, and well-designed hybrid structures are aspects 
of prime importance for the realization of highly efficient solar cells.  
In this regard, the energy-level alignment at the interfaces between two 
materials plays a critical role for optimal hybrid systems. 
The commonly used structures are the p-n junction [1, 2] and type-II 
heterojunction [3]. Type-II heterojunction presents a reduced band gap in 
spatial which allows to obtain a more efficient absorption of the sunlight, 
although the donor and acceptor materials have wide bandgaps. [3, 4, 5] 
The typical photovoltaic applications for these structures are dye-sensitized 
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solar cells (DSSC), [6, 7] quantum dot-sensitized solar cell (QDSSC), [8, 
9] core/shell nanowire solar cells, [10, 11] and so on. 
Basically, heterostructures consist of bringing two different 
semiconductors into physical contact and their behavior strictly depends on 
the alignment of the energy bands of materials at the interface. Band 
alignment can be classified as type-I (straddling gap), type-II (staggered 
gap) and type-III (broken gap). [5] The former two types are more 
frequently used in PV field (Fig. 6.1). Concerning the type-I 
heterostructure, the semiconductor 1 (sem1) have a narrower band gap than 
the band gap of semiconductor 2 (sem2). In particular, the conduction and 
valence band edges of sem1 are located between the energy bands of sem2 
(Fig. 6.1a). This band structure causes electrons and holes to 
simultaneously accumulate in the sem1 and, thus, the carrier recombination 
is enhanced. The more common applications are lasers, light emitting 
diodes, etc.  
The type-II heterostructure is based on a staggered band offset formed at 
interface, and the lowest energy positions for electrons and holes are 
located in different materials, respectively (Fig. 6.1b). This means that 
type-II heterostructures can easily promote the charge separation and is 
potential for photovoltaic applications. [5, 12] 
 
Fig. 6.1. Energy band diagrams for type-I (a) and -II heterostructures (b). [5] 
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This kind of structures is mainly based on II-VI and III-V binary 
semiconductors, such as ZnO/ZnS, [13] ZnO/ZnSe, [14] ZnO/ZnTe, [4] 
CdSe/CdTe, [15] and GaN/GaP, [3]. Among them, ZnO-based 
heterostructures attracted more attentions due to its abundant resources and 
facilitating growth. [5, 16] 
This study aims to realize highly efficient solar cells exploiting self-
assembly of block copolymers (BCPs) to make active layer based on well-
ordered polymeric morphology hosting n- and p-type semiconductor 
nanoparticles in different domains. Herein, type II-heterojunction is formed 
by ZnO/CdSe nanoparticles which potentially will accelerate the separation 
of photo excited electron–hole pairs and improve the efficiency of solar 
cells. 
6.2 Nanocomposites based on lamellar PS-b-PMMA and 
ZnO nanoparticles 
This section describes the preparation of hybrid nanocomposites through 
the confinement of the n-type semiconductor nanoparticles in the vertical 
BCP nanodomains. 
In a recent paper [17] we demonstrated a simple method to fabricate 
ordered arrays of ZnO nanoparticles covered with n-hexadecylamine 
(HDA) by using poly(styrene)-b-poly(methyl methacrylate) copolymer 
(PS-b-PMMA) as template for controlling the distribution of them and to 
form, thus, a continuous path of charge carriers with promising electrical 
properties. In particular, the presence of surface functionalization favors 
the chemical affinity of the nanoparticles with the PS domains of PS-b-
PMMA. 
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The PS-b-PMMA block copolymer with a volume fraction of the PS blocks 
equal to 0.52 was selected in order to obtain a lamellar phase-separated 
morphology. Thin films of pure BCP and of the BCP-based 
nanocomposites were prepared by spin coating toluene solutions 
containing 1 wt % PS-b-PMMA and 0.1 wt % ZnO NPs on ITO supports.  
The TEM image of a thin film (∼70 nm thick) of the neat BCP annealed at 
150 °C for 6 h in vacuo and stained with RuO4 is shown in Fig. 6.2. 
 
Fig. 6.2. Bright-field TEM images of thin films (∼70 nm thick) annealed at 150 
°C in vacuo for 6 h of the neat PS-b-PMMA (BCP0) stained with RuO4. 
The dark regions correspond to the stained PS lamellar microdomains, 
whereas the lighter regions to the PMMA domains. Note that there is a 
disordered lamellar morphology with lamellar domains oriented 
perpendicular to the substrate. 
The vertical orientation of lamellae is in agreement with previous results 
[18, 19] demonstrating that the use of ITO support combined with thermal 
annealing treatments facilitates the vertically oriented morphology of the 
lamellar BCP domains. The average lamellar thicknesses are ∼14 ± 2 and 
∼18 ± 2 nm for PS and PMMA, respectively.  
TEM images of the nanocomposite thin films based on BCP and ZnO 
stained with RuO4 and without staining are reported in Fig. 6.3 (A, B), 
respectively.  
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Fig. 6.3. Bright-field TEM images of thin films (∼70 nm thick) annealed at 150 
°C in vacuo for 6 h of the PS-b-PMMA/ZnO nanocomposite BCP-ZnO on ITO 
substrates: A) stained with RuO4 and B) without staining 
These images also show a disordered lamellar morphology with the vertical 
orientation of the lamellar domains, and a slight increase of the average 
lamellar thickness is observed (∼16 ± 3 nm for PS and ∼20 ± 3 nm for 
PMMA). In particular, the Fig. 6.3 A of the nanocomposite film stained 
with RuO4 shows dark stained PS lamellar domains alternating with bright 
not-stained PMMA lamellae. In the case of the image of Fig. 6.3 B obtained 
without performing any staining procedure, the dark regions correspond to 
the microdomains containing ZnO NPs. The achieved high contrast 
between the two different BCP lamellar nanodomains confirms that the 
ZnO NPs are selectively included only in the PS blocks of the BCP, due to 
the chemical affinity of the surface-coated ZnO NPs. 
In this process it was seen that the thermal annealing at a temperature above 
the BCP glass transition temperature (150 °C) plays a key role in order to 
favor the migration of the ZnO NPs in the PS lamellar domains and 
simultaneously leads to the formation of the desired vertical morphology 
of the lamellar BCP domains. 
Therefore, the electric properties of the discussed hybrid nanocomposites 
were tested by current−voltage (I-V) measurements confirming the 
A B 
Hybrid Nanomaterials: Experimental Section 
 
168 
 
presence of continuous path of charge carriers in the BCP films, when the 
ZnO NPs content is above a threshold concentration c* (see Appendix). 
6.3 Preparation of the nanoporous PS-b-PMMA thin 
films 
Regarding the realization of type-II heterostructures between p- and n-type 
semiconductor nanoparticles, in the second step, attempts to fabricate 
nanocomposites based on PS-b-PMMA and p-type CdSe nanoparticles 
were performed. The adopted approach is based on the following steps:  
1. Selective removal of the sacrificial polymer block (i.e. PMMA); 
2. Backfilling of the porous structure with inorganic material (i.e. dipping 
of porous template into NPs suspension and its successive withdrawal 
normal to the solution surface as shown in Fig. 6.4 [20]). 
 
Fig. 6.4. Schematic representation of process for depositing nanoparticles into 
nanoporous template by withdrawal of the template from a solution. [20] 
In particular, this section focuses on the selective degradation of PMMA 
blocks from a self-assembled block copolymer structure employing UV 
irradiation. It is known that the exposure of PS-b-PMMA block copolymer 
to UV light decomposes PMMA phase into oligomers, that can then be 
removed from the matrix through dissolution in acetic acid, and 
simultaneously crosslinks the PS blocks. [21] 
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Thin films of PS-b-PMMA were prepared by spin coating dilute toluene 
solutions containing 1 wt% PS-b-PMMA on ITO substrates. Different tests 
were carried out by varying both the UV exposure and acetic acid washing 
times in order to optimize the full removal process of PMMA blocks. All 
samples were analyzed by scanning electron microscopy (SEM). The SEM 
images are reported in Fig. 6.5.  
   
Fig. 6.5. SEM images of a thin film of PS-b-PMMA subjected to selective removal 
of PMMA blocks by exposure to UV radiations and acetic acid washing. A) 1 h 
(UV) and 30 minutes (acetic acid); B) 3 h (UV) and 1 h (acetic acid); C) 6 h (UV) 
and 1h (acetic acid). 
SEM analysis shows that the exposure to UV radiation for 1 h followed by 
an acetic acid washing for 30 minutes (Fig. 6.5 A) is enough to obtain the 
desired nanoporous template and does not alter the initial lamellar 
morphology. This thin film was also characterized by TEM analysis (Fig. 
6.6) 
  
Fig. 6.6. TEM bright-field images of a thin film of PS-b-PMMA submitted to 
selective removal of PMMA block by exposure to UV radiations (1h) and acetic 
A B C 
A B 
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acid washing (30 minutes). A) staining process with RuO4; B) without staining 
process with RuO4. PS domains are dark both in A and B. 
TEM micrograph (Fig. 6.6 B) of the etched film without any chemical 
staining highlights a pronounced contrast between the two different BCP 
nanodomains as in the case of the stained film (Fig. 6.6 A). It demonstrates 
that the PMMA blocks were effectively removed and nanochannels were 
created allowing, thus, the free transmission of the electron beam. The 
average size of PS domains (20 ± 3 nm) is greater than that those left free 
by PMMA upon removal (7.4 ± 2 nm) probably due to a swelling effect 
with acetic acid or to a not completed removal of PMMA blocks. 
Nevertheless, the resultant morphology from PMMA removal was not 
reproducible. In fact, in repeated trials disordered morphologies were also 
obtained where the lamellae were randomly oriented both parallel and 
perpendicular to the ITO surface. This scarce reproducibility is due to 
unbalanced interactions of the polymer blocks at the interface with air and 
ITO support as discussed in paragraph 5.4.3. 
One of the commonly used strategy for the surface neutralization, 
preventing, thus, the preferential wettability of the substrate with respect to 
the PS and/or PMMA blocks, is the “grafting to” approach, consisting in 
the chemical linking of a functional random copolymer to the substrate. 
[22] 
In collaboration with research group of Prof. M. Laus, University of 
Piemonte Orientale, the ITO supports were conveniently neutralized 
through a grafting reaction with a OH-terminated random poly(styrene)-r-
poly(methylmethacrylate) (PS-r-PMMA) copolymer (RCP). In particular, 
the crosslinking reaction is activated by thermal treatment performed in a 
Rapid Thermal Processing (RTP) machine with three consecutive phases: 
the heating ramp (18 °C s-1), the plateau and the relaxation ramp. [23] 
Hybrid Nanomaterials: Experimental Section 
 
171 
 
Two different PS-r-PMMA random copolymers, called as FSM13 and 
FSM6, were used in the present activity, whose characteristics are reported 
in Tab. 6.1. 
Tab. 6.1. Number average molecular weight (Mn), polydispersity index of the 
molecular masses (PDI = Mw/Mn), styrene fraction (fS) and RTP Process 
characteristics. 
Sample 
ITO 
(nm) 
Mn 
(g/mol) 
PDI fS (%) 
RTP Process 
Time (s) T(°C) 
FSM13 160 5700 1.19 59.7 300 250 
FSM6 160 8100 1.24 57.7 300 250 
ITO supports coated with the random copolymers FSM13 and FSM6 were 
then used instead of bare ITO substrate to deposit the BCP and to study the 
effect of the annealing treatments on the morphological BCP evolution.  
Thin films of PS-b-PMMA were prepared as previously discussed in 
paragraph 6.2 on ITO/FSM13 and ITO /FSM6 substrates. To improve the 
lamellar morphology of the BCP, these films were subjected to thermal 
annealing in vacuo at 150 °C for 6, 24 and 32 h. The corresponding TEM 
images are shown in Fig. 6.7 where the contrast is provided by staining 
with RuO4. 
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Fig. 6.7. Bright-field TEM images of PS-b-PMMA thin films obtained by spin coating BCP solutions on ITO/FSM13 substrates and 
subjected to thermal annealing in vacuo at 150 °C for 6 (A), 24 (B) and 32 h (C); BCP thin films obtained by spin coating BCP 
solutions on ITO/FSM6 substrates and subjected to thermal annealing in vacuo at 150 °C for 6 (D), 24  (E) and 32 h (F). The TEM 
grids were stained with RuO4 before observation. 
A B C 
D E F 
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The TEM images exhibit the phase separation with a disordered 
morphology in which microdomains are mainly perpendicularly oriented to 
the substrate surface. The dark regions correspond to the stained PS 
lamellar microdomains while the lighter regions are the PMMA domains.  
Significant results were obtained for a thermal annealing time of 24 h (Fig. 
6.7 B, E). In fact, the PS-b-PMMA films deposited both on ITO/FSM13 
and ITO/FSM6 are characterized by a good contrast between the blocks 
where the average lamellar spacing is estimated to be ~ 18 ± 2 nm for PS 
and 9.5 ± 2 nm for PMMA. Note that these values are not in agreement 
with the block sizes measured for PS-b-PMMA thin film shown in Fig. 6.2. 
It is worth noting that the situation deteriorates when the samples were 
annealed for 32 h (Fig. 6.7 C, F). 
In order to improve the spatial and orientational control of BCP 
nanodomains, further tests were carried out increasing the annealing 
temperature to 190 °C for 24 h and 32 h. 
In Fig. 6.8 representative bright-field TEM images of PS-b-PMMA thin 
films deposited both on ITO/FSM13 (Fig. 6.8 A, B) and ITO/FSM6 (Fig. 
6.8 C, D) supports and subjected to thermal annealing in vacuo at 190 °C 
for 24 and 32 h are reported. The films were stained with RuO4 to achieve 
a good contrast between PS and PMMA domains. 
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Fig. 6.8. Bright-field TEM images of PS-b-PMMA thin films obtained by spin 
coating BCP solutions on ITO/FSM13 substrates and subjected to thermal 
annealing in vacuo at 190 °C for 24 (A) and 32 h (B); BCP thin films obtained by 
spin coating BCP solutions on ITO/FSM6 substrates and subjected to thermal 
annealing in vacuo at 190 °C for 24 (C)and 32 h (D). The TEM grids were stained 
with RuO4 before observation. 
The images clearly show that annealing treatment at higher temperature 
(T=190 °C) allowed obtaining the desired morphology with the vertical 
orientation of the lamellar BCP nanodomains (Fig. 6.8 A-D).  
The morphology of Fig. 6.8 (A, B) relative to BCP deposited on 
ITO/FSM13 is particularly interesting because highlights well-defined 
phase separation where parallel lamellar domains of ≈200nm cover the 
whole area of the thin film according to a well-connected pattern. The 
average lamellar spacing is substantially the same in both cases and is ~ 22 
± 2 nm and ~ 5 ± 1 nm for PS and PMMA, respectively. 
A B 
C D 
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Thin films subjected to thermal annealing both at 150 (Fig. 6.7 A, E) and 
190 °C (Fig. 6.8 A, C) for 24 or 32 h on ITO substrate coated with FSM13 
and FSM6 random copolymers, were further treated with UV radiation and 
subsequent washing with acetic acid to obtain nanoporous surfaces. The 
TEM images of the so prepared samples after staining with RuO4 are shown 
in Fig. 6.9. 
  
  
Fig. 6.9. Bright-field TEM images of PS-b-PMMA thin films obtained by spin 
coating BCP solutions on ITO/FSM13 substrates and subjected to thermal 
annealing in vacuo at 150 °C for 24 h (A) and 190 °C for 32 h (B); BCP thin films 
obtained by spin coating BCP solutions on ITO/FSM6 substrates and subjected to 
thermal annealing in vacuo at 150 °C (C) and 190 °C (D) for 24 h. The TEM grids 
were subjected to UV irradiation for 1h and subsequent acetic acid washing for 30 
minutes. Finally, they were stained with RuO4 before observation. 
The phase separated morphology was observed for all samples. In fact, the 
TEM images (Fig. 6.9) of the etched thin films show a more remarkable 
contrast between the polymeric blocks than the films before the removal of 
C D 
A B 
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PMMA (Fig. 6.7 B, E and Fig. 6.8 B, C), demonstrating the effective 
removal process and consequent formation of nanopores.  
No significant differences in morphology are observed in thin films 
prepared on neutralized ITO supports using both FSM13 and FSM6 
random copolymers and subjected to thermal annealing at 150 °C as shown 
in Fig. 6.9 (A, C).  
A well-defined phase separation with a disordered lamellar morphology 
and long-range order was observed for the nanoporous BCP thin film 
obtained by spin coating BCP solutions on ITO/FSM6 annealed at 190 °C 
for 24 h where the average spacing of PS lamellae is estimated to be ~ 20 
± 1 nm while the size of the pores left upon PMMA removal is ~ 8 ± 1 nm 
(Fig. 6.9 D). 
Clearly, both the neutralization procedure of ITO substrates and the 
optimization of thermal annealing conditions for PS-b-PMMA thin film 
allowed obtaining well reproducible lamellar morphologies with the 
perpendicular orientation of lamellae with respect to the substrate surface. 
6.4 PS-b-P4VP block copolymer 
In a second research line aimed at fabrication of active layers for solar cells 
using BCP as templates for selective inclusion of n- and p- type 
semiconductor NPs in separated domains, the morphology of 
poly(styrene)-b-poly(4-vinylpyridine), (PS-b-P4VP) was investigated. 
6.4.1 Thermal and structural analyses 
The X-ray powder diffraction profile, registered at room temperature, and 
the DSC cooling and heating curves, recorded at 10 °C/min of the sample 
PS-b-P4VP, are reported in Fig. 6.10 (A, B), respectively. The BCP sample 
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is amorphous with glass transition temperatures of the PS and P4VP blocks 
of 104 °C and 154 °C, respectively. 
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Fig. 6.10. A) X-ray powder diffraction profile; B) DSC heating and cooling curves 
of the sample PS-b-P4VP. 
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6.4.2 Morphological analysis of the neat PS-b-P4VP 
PS-b-P4VP is nonionic amphiphilic diblock copolymer. [24] Its self-
assembly behavior was widely investigated since the process toward 
formation of a lamellar morphology can be complicated by the strong 
tendency of the BCP to form micellar aggregates in the solutions, which 
could survive upon deposition onto the surface and in thin film formation. 
[25] 
Solvent vapor annealing (SVA) strategy is usually adopted to obtain well-
defined BCP film nanostructures improving both the kinetics of phase 
separation and the order of the structure. Indeed, annealing in selective 
solvents can lead to desired non-equilibrium structures with the proper 
microdomain orientation and long-range order. For this reason, the choice 
of the solvent for SVA is a critical step. Different parameters have to be 
evaluated, i.e., selectivity of the solvent to one of the blocks, vapor pressure 
and boiling point of the solvent. [26] 
The Hildebrand solubility parameter (δ) can be used to indicate the 
similarity of the solvent to a polymer and, hence, solubility. [27] Materials 
with similar values of δ are likely to be miscible. This parameter δ is 
defined as the square root of the cohesive energy density (Eq. 6.1): 
δ = √
∆𝐻𝑣 − 𝑅𝑇
𝑉𝑚
          𝐸𝑞. 6.1 
where ΔHv is the heat of vaporization, Vm the molar volume and RT is the 
ideal gas pV term. 
The Hansen solubility parameters are an extension of the Hildebrand 
parameter to estimate individual contributions such as dispersive δd (van 
der Waals), polar δp and hydrogen bonding δH according to Eq. 6.2: [28] 
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δ2 = δ𝑑
2 + δ𝑝
2 + δ𝐻
2           𝐸𝑞. 6.2 
The Hansen solubility parameters and related contributions of PS, P4VP, 
PS-b-P4VP and possible useful solvents to obtain lamellar morphology are 
reported in Tab. 6.2. 
Tab. 6.2. Hansen solubility parameters (MPa0.5). [27, 28] 
Material 
Dispersion 
Forces (δd)  
Polarity 
(δp) 
Hydrogen 
Bonds (δH) 
Hansen 
solubility 
parameter 
(δ) 
PS 18.5 1.0 4.1 19.0 
P4VP 18.1 7.2 6.8 20.6 
Dimethylformamide 
(DMF) 
17.4 13.7 11.3 24.9 
1,4-dioxane 19.0 1.8 7.4 20.5 
Chloroform 
(CHCl3) 
17.8 3.1 5.7 18.9 
Toluene 18.1 1.4 2.0 18.3 
Tetrahydrofuran 
(THF) 
16.8 5.7 8.0 19.5 
Ethanol 15.8 8.8 19.4 26.5 
According to these values, suitable couples of solvents for the BCP in the 
dissolution step and successive SVA were selected. In particular, the 
solvent for the BCP dissolution has to be substantially neutral for both BCP 
blocks, whereas the solvent used for SVA was selected with a Hansen 
parameter close to that of a specific BCP block (PS or P4VP).  
In a first trial, dimethylformamide (DMF) was used to dissolve BCP while 
1,4-dioxane to perform SVA. [29] In particular, the DMF is slightly 
selective solvent for P4VP blocks while 1,4-dioxane for PS blocks. 
In SVA process, another key aspect is the choice of substrate with 
particular attention to the nature of interactions that could be established at 
the interface of the BCP with both the substrate and the external 
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atmosphere. In fact, both interfaces can influence the wettability and impact 
the coating process and, consequently, the film thickness, uniformity and 
the morphology (i.e. preferential orientations of polymeric blocks) of BCP 
thin films. 
In this work, thin films of PS-b-P4VP were prepared by spin-coating dilute 
solutions (1 wt%) of the BCPs in DMF on a silicon substrate (Si (100)) for 
preliminary tests and, subsequently, on the ITO substrates. 
The morphological analysis was carried out by means of atomic force 
microscopy (AFM). The AFM images of PS-b-P4VP thin films obtained 
by spin coating BCP solutions on silicon substrates, before and after 48 and 
65 h of SVA in 1,4-dioxane atmosphere are reported in Fig. 6.11. 
  
  
  
  
A B 
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Fig. 6.11. AFM images of PS-b-P4VP thin film deposited on silicon substrate 
before (height A, phase B) and after being subjected to 1,4-dioxane solvent vapor 
annealing for 48 (height C, phase D) and for 65 h (height E, phase F). 
Note that a strong micellization phenomenon occurred when the thin film 
was formed with the appearance of the spherical micelle randomly 
distributed on the whole surface (Fig 6.11 A, B), the average size (d) being 
~26± 3 nm. 
The exposure to saturated 1,4-dioxane vapors in a closed vessel at room 
temperature for 48 h led to a transition of micellar aggregates from 
spherical to worm-like where the average size is roughly ~ 45± 2 nm (Fig. 
6.11 C, D). A further extension of annealing periods to 65 h (Fig. 6.11 C 
and 6.11 D) determined a partial de-wetting where it is still possible to 
observe the presence of spherical micelle (d~37± 2 nm) in the coated areas 
(Fig. 6.11 E, F). 
The self-assembly behavior in thin films of PS-b-P4VP obtained by spin 
coating BCP solutions on ITO supports was also investigated using the 
same SVA protocol. 
The AFM images of PS-b-P4VP thin films before and after 135 and 215h 
of SVA process still using 1,4-dioxane vapor atmosphere are reported in 
Fig. 6.12. 
 
E F 
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Fig. 6.12. AFM images of PS-b-P4VP thin film deposited on ITO substrate before 
(height A, phase B) and after being subjected to 1,4-dioxane solvent vapor 
annealing for 135 (height C, phase D) and for 215h (height E, phase F). 
As in the previous case, Fig. 6.12 (A, B) confirms the formation of micelle 
in the untreated BCP thin film using ITO as substrate. The average size of 
micelle is ~34 ± 1 nm. 
Fig. 6.12 (C, D) illustrates the effect of the SVA process after 135 h on the 
BCP film where a transition from a disordered micellar arrangement to a 
more regular structure occurred leading to formation of regions of worm-
A B 
C D 
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like entities (d~32 ± 2 nm) alternating with regions covered by spherical 
micelle (d~38 ± 3 nm). 
By extending the annealing periods to 215 h, the mixed morphology 
changes only in small regions as shown in the encircled of Fig. 6.12 (E, F), 
where a wormlike morphology becomes apparent. 
Since the self-assembly of lamellar forming systems for this BCP is really 
challenging to overcome the problem of micellization, a further trial test 
was carried out. It consisted of the preparation of PS-b-P4VP thin film 
obtained at room temperature by spin coating, after deposition of a slight 
excess of toluene-tetrahydrofuran (THF) mixtures (8:2 vol:vol) BCP 
solutions (0.5 wt%) onto ITO substrate. In particular, this solvent mixture 
was chosen to balance the strong selectivity of toluene for PS with a good 
solvent for the P4VP block. The polarity and hydrogen bonding 
contributions to the Hansen solubility parameter of THF, indeed, (Tab. 6.2) 
are in close match with those of P4VP. [30] 
The SVA process was carried out by exposing the BCP thin film to THF 
vapor in a closed vessel at 50 °C. The higher neutrality of this solvent with 
respect to that of toluene solvent can be useful for decreasing the 
interactions between the PS and P4VP and enhance a separation of the 
blocks while increasing the chain mobility and facilitating defect 
annihilation. [26] 
 
 
 
 
 
 
Hybrid Nanomaterials: Experimental Section 
 
184 
 
  
  
  
  
  
Fig. 6.13. AFM images of PS-b-P4VP thin film, obtained by spin coating solutions 
0.5 wt% BCP in toluene/THF (8:2 vol:vol) solution on ITO substrate, before 
(height A, phase B) and after being subjected to THF solvent annealing for 3 h 
(height C, phase D) and for 6 h (height E, phase F) at 50 °C. 
The thin film shows a strong micellization of PS-b-P4VP with the 
formation of very big spherical micelle whose size is about ~105 ± 4 nm as 
reported in Fig. 6.13 (A, B). 
To rearrange these films into microphase separated structures, the solvent 
annealing in THF was carried out for 3 and 6 h at 50 °C (Fig. 6.13 C-F). 
The THF SVA allowed to modify the morphology only in part, as elongated 
micellar aggregates (d~53 ± 3 nm) were formed only in small regions, 
A B 
C D 
E F 
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whereas the majority of the surface remained covered  by spherical micellar 
entities. 
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CHAPTER 7 
Conclusions 
In recent years many efforts have been made to design, synthetize and 
characterize new materials for the fabrication of polymer solar cells (PSCs) 
with the purpose to achieve a correct compromise between efficiency and 
stability, fundamental properties for commercialization. 
The development of this promising and alternative technology to inorganic 
photovoltaics (PV) is an effective approach to obtain a more economical, 
sustainable and environmentally friendly energy. 
The aim of the present PhD thesis was the study of different materials and 
methods for the production of PSCs investigating various aspects such as 
the fabrication process using scalable deposition techniques of practical 
interest, the effect of temperature on the degradation process in the realized 
devices and, at the same time, the preparation and characterization of active 
layers based on nanostructured inorganic hybrid materials combining the 
semiconductor properties of nanoparticles (NPs) and self-assembly of 
block copolymers (BCPs). 
In the Chapter 3, special attention was dedicated to the fabrication of the 
inverted bulk heterojunction (BHJ) organic solar cells with the study of 
various active layer materials based both on low and wide band-gap 
polymers as donors and both on fullerene and non fullerene compounds as 
acceptors. 
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In the first part of this section, the optimization of performance of PTB7-
Th:[70]PCBM-based devices was investigated through an accurate study 
of active layer physical properties. A power conversion efficiency (PCE) 
of 9.17% was obtained by using the configuration glass/ITO/ZnO/PTB7-
Th:[70]PCBM/MoOx/Ag. 
In order to understand the influence of temperature on the active layer, 
thermal tests were carried out at different temperatures. The study 
highlighted that the device performances remain substantially unchanged 
up to 80°C whereas a serious degradation was observed for higher 
temperatures due, probably, to the irreversible fullerene aggregation. 
Therefore, the active layer morphology can be considered thermal stable at 
80 °C and, for this reason, this temperature was selected for the following 
working steps. 
In order to realize a fully solution-processed solar cell, PSCs were 
fabricated by replacing evaporated materials such as MoOx HTL layer with 
solution-processed alternatives and compatible with printing techniques, 
like PEDOT:PSS (annealed at 80°C instead of standard temperature 
120°C). The PCE of the devices so realized was around 5%. 
Moreover, a comparative study of the photovoltaic behavior of PSCs (with 
solution-processed PEDOT:PSS as HTL) built up using Ag back electrodes 
made via thermal evaporation and by screen-printing using a commercially 
Ag paste (heat cured at T=80°C) was made. A rapid deterioration of the 
electrical performance occurred when screen-printed Ag was used as back 
electrode. This was probably due to a too low curing temperature (T=80°C) 
of Ag paste and, therefore, the ink solvents remain trapped in the layer and, 
then, leak in and partly dissolves the underlying active layer.  
The fabrication of all solution-processed solar cells is one the most 
fundamental challenges in the OPV field and this preliminary study 
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confirms that a careful selection of materials properties constituting the 
active layer is necessary and useful in order to tackle degradation process 
and low efficiency.  
In the second part of this OPV section, the PBDB-T:ITIC-based solar cells 
were fabricated. This blend was chosen because it represents a promising 
optical, electrical and thermal stable combination.  
The devices were optimized in inverted configuration (ITO/ZnO/ PBDB-
T:ITIC/MoOx/Ag) achieving as best result a PCE of 10.2 %.  
The subsequent incorporation of a solution-processed HTL layer such as 
PEDOT:PSS, instead of evaporated MoOx, led to a promising PCE of 7.3%. 
Lifetime tests to verify the thermal and photostability were carried out on 
so prepared devices. In particular, the study highlighted a good stability 
after application of thermal stress at 100°C for 44 hours in dark and under 
inert atmosphere. However, a rapid and progressive deterioration of PSC 
performance was recorded after the light exposure for 30 minutes. 
In order to improve the photovoltaic performance of PBDB-T:ITIC-based 
PSCs, ternary PSCs were also fabricated. In fact, the third component can 
play a key role thanks to the possible benefits that may derive from its use 
such as an enhancement of photon harvesting, a good energy level 
alignment, more efficiency of exciton dissociation, charge transport and 
extraction, a better stability and a good morphology. 
Ternary PSCs were fabricated both with the configuration of either two 
donors/one acceptor (D1:D2:A) and one donor/two acceptors (D:A1:A2). 
In the former case, the influence of near-infrared (NIR) sensitizer, PDTP-
DFBT polymer, in the ternary system was studied. In particular, the 
presence of third component gave a contribution to blend absorption in the 
750-900 nm region but it did not lead to significant improvements for the 
electrical performance. This probably happened because there was not a 
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favorable supramolecular assembly in the blend film for achieving an 
optimal morphology and, thus, to promote an efficient charge dissociation 
and transport. 
In the latter case, the active layer consisted of PBDB-T as donor polymer, 
ITIC as first acceptor and [70]PCBM as second acceptor. The incorporation 
of sensitizer led to a satisfying improvement of JSC, compared to the binary 
control device based on PBDB-T:ITIC, with the overall PCE of ternary 
solar cell is ~9%.  
In general, PBDB-T:ITIC-based PSCs possess a high potential for 
advancing PSCs technology and, for this reason, further investigations in 
the ternary field should be carried out as a promising way toward higher 
performance. 
In the Chapter 4, the lamination method for the production of all-solution 
processable solar cells was investigated. It is an effective and appealing 
approach to realize low-cost, flexible and semitransparent PSCs for 
versatile applications. 
In particular, ternary non fullerene-based polymer solar cells and mini-
modules, coated on flexible PEDOT:PSS electrodes and processed by 
scalable roll lamination method, were fabricated. The active layer was 
based on novel materials combination, that is, TQ1 as donor polymer, 
IDTBR and IDFBR as first and second non fullerene acceptors, 
respectively. 
The blend is an optically promising combination thanks to an optimal 
complementarity among materials absorption spectra in whole visible 
range. However, the devices were characterized by poor performance 
probably due to a not so efficient energy level alignment which may have 
caused recombination phenomena or traps in the active layer. 
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Moreover, in this study, an attempt of building series connected mini-
modules was also performed. In particular, the blend layer was deposited 
both by spin coating and by blade coating (the latter is a technique fully 
compatible with roll-to-roll production). In both the examined cases, the 
mini-modules did not work. The electrical parameters were very low 
probably due to several factors that can affect both the fabrication process 
and the functioning of modules and, among these, the poor performance of 
the ternary blend should be also surely considered.  
Nevertheless, these results can offer guidelines for the fabrication of 
flexible organic solar cells and modules with particular attention to the 
choice of active layer materials and the optimal lamination conditions in 
order to obtain an improvement of device performance and a better 
interfacial contact between the layers used as adhesive.  
The lamination approach represents my research activity pursued during 
my stage abroad (three months) in the Research Group “Biomolecular and 
Organic Electronics” leaded by Prof. Olle Inganäs. 
Finally, in the Chapter 6, the self-assembly of block copolymers (BCPs) 
was studied in order to make active layers for hybrid PSCs based on well-
ordered polymeric morphology hosting n- and p-type semiconductor 
nanoparticles (NPs) in different domains. Herein, type II-heterojunction is 
formed by intimately mixing two different semiconductors such as 
ZnO/CdSe NPs. 
The first step of this research was devoted to the preparation of hybrid 
nanocomposites based on n-type ZnO NPs and PS-b-PMMA copolymer. 
In particular, a simple BCP-based method to control the spatial 
arrangement of the ZnO NPs on solid supports (ITO-coated glass slides) 
was set up, obtaining thin films of hybrid nanostructured material with 
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promising electrical properties. Thin films characterized by selective 
inclusion of the surface-modified ZnO NPs in the lamellar PS nanodomains 
were successfully prepared by using self-assembly of a PS-b-PMMA block 
copolymer combined with thermal annealing treatments. ZnO NPs 
decorated at the surface with HDA and TBPA molecules were purposely 
synthesized to favour selective inclusion in the PS domains. The thermal 
treatment allowed obtaining in one step the vertical orientation of the 
lamellar BCP nanodomains and the migration of the NPs to the PS domains. 
The successive step of my activity in this field was focused on the 
fabrication of nanocomposites based on PS-b-PMMA and p-type CdSe 
nanoparticles.  
The adopted approach is based on the selective degradation of sacrificial 
PMMA blocks from a self-assembled block copolymer structure and the 
subsequent backfilling of the porous structure with the inorganic NPs. 
In particular, a procedure that allows building PS-b-PMMA nanoporous 
thin films was optimized by employing UV radiation for 1h followed by an 
acetic acid washing for 30 minutes. The resultant BCP morphology after 
PMMA removal was not reproducible showing a random orientation of 
BCP lamellae to the surface of ITO substrate due to preferential 
interactions of the polymer blocks at the interface with air and support. 
Highly reproducible results could be achieved resorting to the 
neutralization process of the ITO surface through a grafting reaction with 
OH-terminated PS-r-PMMA. The use of the so-neutralized ITO surface 
allowed obtaining not only the desired perpendicular orientation of the 
lamellae in the PS-b-PMMA thin films, but also maintaining the 
perpendicular orientation of PS domains, after removal of PMMA blocks. 
Accordingly, a facile and robust approach was devised to prepare 
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nanoporous surfaces, characterized by interconnected channels with 
diameter of ≈8 nm, delimited by PS blocks of the initial PS-b-PMMA BCP. 
In a further research line, focused in the realization of hybrid 
nanocomposites exploiting self-assembly of BCP coupled with the 
selective incorporation of semiconductor nanoparticles, suitable protocols 
allowing to control the morphology of PS-b-P4VP were attempted.  
Along this research line, several tests were carried out by submitting the 
BCP thin films to solvent vapor annealing treatments in order to obtain the 
lamellar morphology, as PS-b-P4VP presents a strong tendency to form 
micellar aggregates both in solutions and in thin films obtained by solvent 
evaporation.  
In conclusion, the research activity performed within this PhD thesis was 
focused on the implementation of suitable strategies for the fabrication of 
polymer solar cells (PSCs) to improve the device performances. To this 
aim, several materials having specific chemical and physical properties 
were used, and new strategies for fabrication of solar cells were 
implemented using simple techniques of practical interest, in a view to 
develop feasible scale up processes. For each approach the efficiency 
limiting factors were identified, providing useful scientific basis for future 
investigations. Moreover, this work confirmed that the use of spontaneous 
BCPs self-assembly is a potential strategy to create tailored organic 
nanostructures able to precisely incorporate inorganic semiconductor 
nanoparticles (NPs) for the realization of active layers in the hybrid PSCs. 
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APPENDIX 
A.1 I-V measurements 
The electrical characteristics of the hybrid nanocomposites based on the 
BCP and PS matrices were evaluated by current/voltage (I−V) dark 
measurements in a previous work [1, 2]. The electrical behaviors were 
tested on a device in a sandwich architecture ITO/BCP-ZnO (or PS-ZnO) 
film/Al and the results are reported in Fig. A1.1. 
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Fig. A1.1. measurements of ITO/BCP-ZnO/Al (A) and ITO/ PS-ZnO/Al (B) 
devices. For the device in (A), films of BCP with 0.1, 0.2, 0.25, 0.3 and 0.35 wt% 
ZnO NPs were tested. For the device in (B), neat PS and nanocomposites PS-ZnO 
containing 0.2 and 0.6 wt % of ZnO were tested. The relative error in density 
current is in the range 10−12%. 
I−V measurements (Fig. A1.1A) were cyclically performed on the BCP-
based nanocomposites and the I−V data show almost null current density 
for ZnO NPs content lower than a critical value of ∼0.25 wt %. For ZnO 
NPs concentrations of 0.3 and 0.35 wt %, the current density shows a linear 
increase with the voltage and from the slope of these I−V curves (0.282 and 
0.222 A V−1 cm−2, respectively) a conductivity of ∼7 × 10−6 S cm −1 can be 
roughly estimated, considering a global thickness of ∼300 nm for the 
device, where 300 nm is the sum of the thickness of the top and bottom 
electrodes (∼130 nm) and of the intermediate nanocomposite layer (∼70 
nm). This indicates that an ohmlike conductive regime of the BCP-based 
nanocomposites is established for NPs concentrations higher than a critical 
value c* comprised between 0.25 and 0.3 wt %. Only above this critical 
concentration the NPs included in the PS domains are able to form a 
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continuous percolative path of charge carriers, which facilitates the current 
conduction.  
Moreover, these data are compared with the electrical properties of the PS-
ZnO nanocomposites (Fig. A1.1B) containing amounts of ZnO NPs (0.2 
and 0.6 wt %) lower and higher than the aforementioned threshold 
concentration c*. It is apparent that the current density is negligibly small 
even at high loadings of ZnO NPs.  
These results confirm that the key for the obtainment of conductive 
properties resides in the formation of a continuous path of charge carriers, 
achieved through the confinement of the semiconductor nanoparticles in 
the vertical BCP nanodomains as described in the section 6.2. 
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